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Slag fly ash binders (SFB) are room temperature hardening binders that have high strength, 
reasonable setting time, and lower carbon footprint when compared to ordinary Portland cement  
(OPC). The precursors for SFB are industrial byproducts, namely slag and fly ash. The inexpensive 
nature of the precursors offer SFB a cost-competitive edge over OPC and makes them an attractive 
alternative binder. Calcium silicate hydrate type gels (C-S-H, C-A-S-H, and C-N-A-S-H) coexist 
with geopolymers in SFB. While C-S-H is composed of discrete silicate chains, geopolymers are 
made of a three-dimensional aluminosilicate framework. The desirable properties of SFB coupled 
with the feasibility of large-scale production have prompted many researchers to study this rather 
complex system. However, little is known about the setting and nanostructure of these binders as 
a function of key variables like curing time, curing temperature, and slag/fly ash ratio. This 
knowledge is vital to create standards and building codes when these binders are used large-scale. 
The aim of this work was three-fold. The first aim was to characterize the precursors. The 
precursors were systematically characterized using x-ray diffraction (XRD), energy dispersive x-
ray fluorescence (EDXRF), magic angle spinning - nuclear magnetic resonance spectroscopy 
(MAS-NMR), Fourier transform infrared spectroscopy (FTIR), and laser diffraction. These 
characterization techniques highlighted the variability of the precursors. A small amount of penta-
coordinated Al (Al(V)) was found in slag. The information gained from the abovementioned 
methods would serve as a guide for future researchers to make an informed choice while selecting 
precursors for binders. The proportion of unreacted fly ash was found to be high in SFB. Hence, 
fly ash was replaced with metakaolin because the latter is more reactive than the former. Since 
there were many commercial metakaolins available in the market, five of them were characterized 
using the methods mentioned above. Out of those five metakaolins, two were chosen to make slag 
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metakaolin binders (SMKB). The Al environments of commercial metakaolins were different from 
one another which influenced the reactivity of metakaolin in the binders. 
The second aim was to understand setting in SFB using two complementary methods, 
namely shear wave ultrasonic wave reflectometry (SUWR) and modified ASTM C403 penetration 
test method. The disparity in set time measured by these two tests suggested that a “soft” gel which 
had a solid percolating network, but no gel strength existed in SFB. This soft gel later gained gel 
strength. Higher the slag/fly ash ratio, larger was the difference in initial and final set times 
measured by the two methods. So the structure of the soft gel in the SFB with the highest slag/fly 
ash ratio was analyzed. MAS-NMR results revealed that the soft gel was composed of a nascent 
C-N-S-H gel and orthosilicate (Q0) units. The amount of C-N-S-H gel formed was low when 
compared to later ages, and it had no Al incorporated in its gel structure. The proportion of 
orthosilicate (Q0) units was high when compared to later ages. 
The third aim was to identify and quantify the poorly ordered phases as a function of curing 
time, curing temperature, and slag/fly ash ratio. This goal was achieved by using selective chemical 
extractions and MAS-NMR spectroscopy of binders and extraction residues. C-N-A-S-H gel was 
found to be the major binding phase and geopolymer the minor binding phase. The mean chain 
length (MCL) of C-N-A-S-H gel had a negative correlation with slag/fly ash ratio and positive 
correlation with curing temperature. Although the proportion of geopolymers increased in SMKB, 
still C-N-A-S-H gel was found to be the dominant product phase. Therefore, the availability of 
Al(V) does not necessarily favor the formation of geopolymer over C-N-A-S-H gel in SMKB. The 
amount of unreacted metakaolin in SMKB was found to heavily depend on the proportion of Al(V) 
in the precursors. The reason for this is because Al(V) was the most reactive species in metakaolin 
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CHAPTER 1.  INTRODUCTION 
 
1.1 Background and motivation 
Concrete is the second most used commodity in the world behind only water.1 Generally, 
Portland cement is the binder in concrete, and it is responsible for most of the properties in 
concrete.2 The production of Portland cement involves grinding and calcination of raw materials 
such as limestone and clay. The ubiquitous use of Portland cement combined with its energy-
intensive processing techniques releases a significant amount of carbon dioxide into the 
atmosphere. Estimates by Gartner,3 and Damtoft et al.4 indicated that manufacturing 1 ton of OPC 
releases around 0.8-0.9 ton of CO2 into the atmosphere. This number corresponds to about 8 % of 
global CO2 emissions.
5 Efforts to reduce CO2 emissions include improving the energy efficiency 
of kilns,6 carbon capture and storage,7 clinker substitution,8 and alternative binder development.9,10  
This work focuses on alternative binders. Slag fly ash binders have a high potential to be scaled 
up due to inexpensive precursors, high strength, high carbon savings, and reasonable setting time. 
However, the variability in precursors and lack of standards are still problems that various research 
groups are investigating.11–15 A wealth of literature is available on alternative binder development 
and mix designs. Nevertheless, only a small fraction of that research has focused on fundamental 
scientific questions, such as the structure of binding phases and reason for hardening. The 
motivation of this work is to characterize the precursors, develop binder mixtures, and 
systematically study the structure of various binding phases. In this thesis, sodium silicate solution, 
slag, fly ash, and metakaolin are referred to as raw materials. Slag, fly ash, and metakaolin are 
generally called precursors. After mixing the raw materials, a binder is formed. Two types of 
binders are developed in this thesis, namely slag fly ash binders (SFB), and slag metakaolin binders 
(SMKB). 
 
1.2 Literature review 
This section aims to provide a literature review of raw materials and binders. Since NMR is 
heavily used in this work, a basic review of NMR is also given. 
1.2.1 Raw materials 
In general, there is significant variability in the raw materials that are used to make SFB and 
SMKB. In this study, the raw materials used for making SFB are blast furnace slag, class F fly ash, 
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and sodium silicate solution. For SMKB the raw materials used are blast furnace slag, metakaolin, 
and sodium silicate solution. Specific differences in raw materials used in SFB and SMKB are 
discussed in Chapter 3. Only the poorly ordered phases take part in chemical reactions in the 
binders. Crystalline phases are generally inert.16 
1.2.1.1 Sodium silicate 
Sodium silicate or potassium silicate, or a combination of the two, are used to make alternative 
binders for large-scale construction applications. Commonly, they are in the form of an aqueous 
solution, but in some cases, they have also been reported to be used in the solid form.17–19  
Potassium silicate solution is less viscous than sodium silicate solution of similar modulus and 
water content. A comparative study revealed that the viscosity of sodium silicate solution showed 
a higher temperature dependence than potassium silicate solution (Figure 1.1). Hence, it is easier 
to mix and cast a potassium silicate-based binder when compared to sodium silicate-based binder 
of the same composition. However, sodium silicate is cheaper than potassium silicate solution. 
Previous literature20–22 reported that sodium silicate solution is more effective in promoting 
aluminosilicate dissolution than a comparable potassium silicate solution. However, the 
compressive strength of a fully cured, metakaolin based, potassium geopolymer 
(K2O.Al2O3.4SiO2.11H2O) is higher than the strength of a comparable sodium geopolymer 
(Na2O.Al2O3.4SiO2.11H2O).
9 It is important to note that the alkali silicate is the most expensive 
part of the binder. Hence, based on the end application, one needs to normalize the price with 
performance while choosing the alkali silicate. Cesium silicate solution is highly expensive and 
hence unsuitable for large-scale application. Hence, the choice of alkali silicate is vital from the 




Figure 1.1:  Viscosity of Na-silicate and K-silicate solutions with moduli ≈ 2:1. Image from 
Davidovits.9 
 
Generally, alkali silicates are produced industrially by mixing alkali carbonate with quartz at 
elevated temperatures according to Eq. (1). Eq. (2) shows the hydrothermal route adopted by the 
industry which requires higher pressure and slightly elevated temperature. Alkali silicate solution 
can also be made in the laboratory scale by mixing amorphous fumed silica with alkali hydroxide 
solution (also represented by Eq. (2), but at ambient temperature and pressure). The modulus of a 
silicate is defined as the molar SiO2:M2O ratio. 
 
 𝑀2𝐶𝑂3 + 𝑛𝑆𝑖𝑂2
1400−1500 °𝐶
→         𝑀2𝑂. 𝑛𝑆𝑖𝑂2 + 𝐶𝑂2 
Eq. (1) 
 
 2𝑀𝑂𝐻 + 𝑛𝑆𝑖𝑂2 + 𝑥𝐻2𝑂 → 𝑀2𝑂. 𝑛𝑆𝑖𝑂2. (𝑥 + 1)𝐻2𝑂 Eq. (2) 
 
Previous literature demonstrated that alkali silicate solutions of the same amount of water, 
silica, and soda have different proportions of Qn units (Figure 1.2). This difference is due to 
variation in oligomers present, which is in turn primarily due to different manufacturing methods 
discussed above.9 “Qn” is the Engelhardt notation where Q refers to a SiO4 tetrahedron, and the 






Figure 1.2: Q units of alkali silicate solution as a function of processing route and molar ratio. 
Image from Davidovits.9 MR refers to molar SiO2:Na2O ratio (modulus). “Silica” refers to the 
processing method of adding fumed silica to NaOH solution according to Eq. (1). Whereas, 
“quartz” refers to fusing quartz with Na2CO3 according to Eq. (2) and subsequent hydrolysis of 
the polysiloxonate glass. Qn is the Engelhardt notation. 
 
Some of the identified oligomer species are shown in Figure 1.3.24–27 Generally, in the furnace 
route, the alkali silicate glass is dissolved in water at high temperatures to produce alkali silicate 
solution. The proportion of oligomers present in alkali silicate glass is different from the proportion 
in alkali silicate solution (Figure 1.4).9 The degree of polymerization in sodium silicate also 
depends on the modulus of the silicate solution as shown by Engler28, reproduced in Figure 1.3. In 
summary, processing parameters have a profound effect on the oligomers present in the alkali 
silicate solution. Since the reactivity of oligomers is different, the knowledge of oligomers present 




Figure 1.3: Silicate oligomers found to exist in aqueous solution through 29Si NMR (incomplete 
list). After Engelhardt et al., Harris et al., and Felmy et al. 24–27, 29 
  
 
Figure 1.4: Change in silicate connectivity when sodium silicate glass is hydrolyzed into 
solution. Image from Davidovits.9  
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Table 1.1: Mean molecular weight (interpreted to be in g/mol) and degree of polymerization for 
sodium silicate solution after Engler.28 
Molar ratio SiO2:Na2O Molecular weight of (SiO2)n Polymerization of (SiO2)n 
0.48 60 1 
1.01 90 1.5 
1.69 120 2 
2.09 160 2.6 
2.62 265 4.4 
3.30 320 5.3 
 
1.2.1.2 Fly ash 
Fly-ash is a by-product of coal-burning power plants. Pulverized coal ignites when it is 
burned in the air inside a furnace where temperatures exceed 1200 °C. The molten mineral residue 
chiefly containing aluminosilicates and iron oxide solidifies into hollow, spherical, amorphous 
cenospheres. Fly ash also contains crystalline phases like mullite, magnetite, and quartz, which 
form due to the phase transformations (or lack thereof) of the raw materials at high temperatures. 
The reactivity of fly ash (as a geopolymer precursor) depends on the composition and proportion 
of the glassy phases present, which in turn are dependent on the operating temperature of the coal-
burning boiler. 
Fly ashes have been used in making binders.30, 31 There are two types of fly ash, namely 
class C and class F. Usually, class F fly ash is used to process SFB instead of class C fly ash 
because class C fly ash contains large amounts of free lime (CaO) and free lime causes flash 
setting. Fly ash is cheaper than slag and metakaolin. The variability of fly ash is also a key concern 
in developing SFB mixtures. Fly ashes vary based on the starting “charge” (raw materials for 
thermal power plant) inserted into the coal boiler and the boiler operating conditions. Therefore, 
fly ash can vary from one powerplant to another and even from the same powerplant with time. 
Since fly ash is an industrial byproduct, the quality control is not as strict as it is for an industrial 
product like sodium silicate solution. ASTM C61832 and AASHTO M 29533 standards exist to 
classify fly ashes based on whether they have pozzolanic properties or cementitious properties or 
both. However, these standards were not created with SFB in mind. Fly ashes from various thermal 
power plants were evaluated using the GEOASH project where the aim was to evaluate fly ashes 
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for making binders.11 Magnetite, haematite, sulfides, and unburned carbon in fly ash resulted in 
low compressive strength in SFB. However, the correlation between compressive strength (of 
SFB) and certain parameters like glass content, and particle size (of fly ash) was unclear. Palomo 
et al.34 characterized fly ashes potential for reactivity in alkali-activated materials using acid 
extractions, MAS-NMR, and Rietveld refinement. Chancey et al.35 used EDS image mapping, 
Rietveld refinement to quantify the crystalline phases and amorphous content in the fly ash. They 
also found that each cenosphere had a different elemental and phase composition as shown in 
Figure 1.5.35 Hence, fly ash has a heterogeneous chemical composition. 
(a) (b)  
Figure 1.5: (a) Multispectral overlay of aluminum, silicon, and calcium (red, green, and blue, 
respectively) in class F fly ash highlighting compositionally distinct regions. Field width=2050 
μm. (b) Cluster map is showing phase distinction in a class F fly ash based upon the multispectral 
analysis. Field width=2050 μm. Images are from Chancey et al.35 
 
1.2.1.3 Slag 
Binders made by using only class F fly ash need heat to cure in a reasonable timeframe.36 
Hence, ground granulated blast furnace slag (GGBFS) was selected to obtain an ambient set within 
a few hours. The term slag generally refers to the by-product of a metal-making industry. Many 
types of slags like blast furnace slag, copper slag, nickel slag, phosphatic slag, magnesia-iron slag, 
titaniferous slags, etc. have been used to make cementitious materials.37, 38, 47, 39–46 However, 
ground granulated blast furnace slag is most widely used for the production of alkali-activated 
materials and geopolymers. The ASTM C989 standard classifies ground granulated blast furnace 
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slag into three grades, namely grade 80, grade 100 and grade 120.48 The classification is according 
to the slag activity index which is the average compressive strength of the slag-reference cement 
cubes (SP), divided by the average compressive strength of the reference cement cubes (P), 
multiplied by 100.48, 49 
 





 In this study, two grades of ground granulated blast furnace slag are used. Henceforth, they 
will be referred to as grade 100, and grade 120 slag, respectively. Blast furnace slag is a by-product 
obtained from the smelting of iron in a blast furnace. Slag is quenched from the melt to prevent 
crystallization of merwinite (3CaO•MgO•2SiO2) and melilite, resulting in a poorly ordered, 
reactive aluminosilicate product. Melilite is crystalline and is a solid solution of gehlenite 
(2CaO•Al2O3•SiO2), and akermanite (2CaO•MgO•2SiO2) as represented in Figure 1.6.
9 The glass 
of composition 2CaO•Al2O3•SiO2 and 2CaO•MgO•2SiO2 is present in slag. According to Deer et 
al.,50 akermanite consists of Si2O7 disilicate units sharing corners with MgO4 tetrahedra. The MgO4 
and SiO4 tetrahedra are arranged in a sheet-like pattern with a pentagonal basic structure. The 
sheets are held together with Ca-O linkage where Ca is in octahedral coordination with oxygens.50 
Gehlenite has a similar structure where Mg is replaced with Al.50  Granulation is a process by 
which the molten slag is quenched by cold water and then thrown into the air by a rotary drum.51 
The smaller glass fraction (≤ 4 mm) can be crushed into a fine, angular powder to increase its 
reactive specific surface area. The resulting powder is referred to as ground granulated blast 
furnace slag (referred simply as slag in this document). The oxide composition of slag obtained 
through EDXRF shows CaO as one of the chief constituents. However, it must be noted that CaO 




Figure 1.6: Chemical structure of melilite illustrated by Davidovits.9 Slag contains the poorly 
ordered analogue of crystalline melilite. Melilite is a solid solution of gehlenite and akermanite. 
 
1.2.1.4 Metakaolin 
Metakaolin (Al2O3•2SiO2) is obtained by dehydroxylation of kaolinite 
(Al2O3•2SiO2•2H2O). Calcination temperatures range from 550-950 °C.
52 Figure 1.7 illustrates the 
thermal transformation of kaolinite.52 Dehydroxylation starts at 550 °C. Above 850 °C metakaolin 
undergoes a phase transformation to spinel, silica, and mullite which are inert.52 
 
Figure 1.7: DTA of kaolinite. Image from reference number.52 
 
Kaolinite is crystalline and contains a tetrahedral (Si2O5)n sheet joined to one AlO(OH)2 to 
give the ideal composition Al2(Si2O5)(OH)4.
53 The AlO(OH)2 layer may be thought of as a gibbsite 
10 
 
layer, Al(OH)3, in which one OH ion has been replaced by an O ion from the corner of the silica 




Figure 1.8: Structure of kaolinite. Image from USGS open-file report 01-041.54 
 
Unlike kaolinite, metakaolin is poorly ordered and much more reactive. White et al.55 used 
density functional theory (DFT) and pair distribution function (PDF) to understand the structure 
of metakaolin. They observed that when kaolinite undergoes dehydroxylation, the alumina layers, 
where the -OH groups are bonded, undergo significant buckling. The silica layers merely shift and 
buckle to accommodate those significant changes.55 In the resulting metakaolin, the 1:1 




Figure 1.9: Structure of metakaolin from White et al.55 
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Kaolinite and metakaolin have layered structures. When kaolinite undergoes 
dehydroxylation, the change is more drastic in the alumina layers than in the silica layers. This 
change is the reason why the long-range ordering is lost in metakaolin. 29Si MAS-NMR of 
metakaolin reveals a broad peak at ~-105 ppm (Figure 1.10 (a)).56 This broad peak has been 
deconvoluted into one or more Q4(mAl) units, where, m denotes the number of tetrahedra in which 
Al substitutes for Si. In this case, the range of m is from 0-2. 
(a) (b)  
Figure 1.10: (a) 29Si MAS-NMR of kaolinite after various thermal treatments from Mackenzie et 
al.56 (b) 27Al MAS-NMR spectra of kaolinite heat treated at various temperatures. For comparison 
3:2 mullite sample is also displayed. This image is from Sanz et al.57 SB refers to spinning side 
bands. 
 
On the other hand, 27Al MAS-NMR investigations, especially at high magnetic fields, 






coordinated Al (denoted as Al(IV), Al(V) and Al(VI)) with 27Al MAS-NMR chemical shifts at 
around 65, 35, and 0 ppm, respectively, as indicated in Figure 1.10 (b).56, 57 White et al.55 suggested 
that the Al(VI) in  metakaolin is from portions of kaolinite which were either not calcined or 
underwent phase transformation to mullite. Raw kaolinite contains only Al(VI). When raw 
kaolinite is heated, the relative intensity of Al(VI) decreases from room temperature up to 980 °C, 
but increases at 1055 °C due to the formation of mullite, as reported by Sanz et al.57 (Figure 1.10 
(b)).57 At temperatures around 450 °C during dehydroxylation of kaolinite, Al(IV) and Al(V) start 
to appear.57 The intensity of Al(V) increases from 450 to 850 °C whereas the intensity of Al(IV) 
remains almost constant.57 The intensity of Al(V) disappears at 980 °C.57 Using pair distribution 
function (PDF) and density functional theory (DFT), White et al. 55 reported the presence of tri-
coordinated Al as well, but tri-coordinated Al has not been observed using NMR. 
Barbosa58 studied the effect of calcination time and temperature on the relative proportions 
of Al(IV), Al(V) and Al(VI). At 500 °C calcination temperature for 1 hour, the proportion of 
Al(VI) is 99 %, and it decreases with time. At 150 hours the proportion of Al(VI) is 52 %, Al(V) 
is 28 % and Al(IV) is 20 %. The % proportion is interpreted to be atom %. Davidovits9 calcined 
kaolinite at 750 °C for 3 hours in a closed container and a flat ceramic plate in open air and found 
that the highest amount of Al(V) and lowest amount of Al(VI) was when metakaolin was calcined 
in open air due to higher dehydroxylation. Physical properties like particle size distribution and 
specific surface area also result in variability of metakaolin. Metakaolin has been made in the 
laboratory using a sol-gel process.59–61 Such metakaolins tend to have lower variability in Si:Al 
ratios when compared to metakaolin obtained from calcining natural kaolinite. The metakaolin 
studied in this thesis were obtained by calcining kaolinite. 
Commercially available metakaolins are obtained by calcining kaolinite clay (mined from 
earth) in large furnaces. They have been used in making binders but are not identical. The reasons 
for variability can be broadly classified into kaolin type and calcination procedure. Kaolinite is a 
mineral mined out of the earth. Depending on its origin various crystalline impurities are present. 
Many of these crystalline impurities are also present in the resulting metakaolin. In summary, the 
Si and Al environments of metakaolin are influenced by calcination temperature, time, and the 
vapor pressure of water above kaolinite during calcination. In commercial metakaolins, these 
variables are controlled by the thermal schedule, design, and type of the calcination oven as shown 




Figure 1.11: Three types of calcination oven for metakaolin production from Soleil-Rayanaut 
(Imerys Corp.).62 
 
1.2.2 Slag fly ash binders, slag metakaolin binders, and metakaolin-based geopolymers 
Generally, alkali activation of precursors can be achieved using an alkali hydroxide or an alkali 
silicate. Slag is known to react with water and harden over an extended period (called hydration).10, 
63 Taylor et al.63 reported that coarsely ground slag reacted with water for 20 years resulting in 22 
% reaction completion. The product was a C-(A)-S-H gel, an Mg-Al layered double hydroxide, 
and a disordered layered Al hydroxide.63 An elevated pH will shorten the time for hardening, which 
is needed for an engineering material.7 Fly ash is not as reactive as slag with water. Kumar et al.64 
found that the compressive strength of NaOH activated fly ash had a direct correlation with the 
proportion of NaOH. Additionally, curing at slightly elevated temperature (45-85 °C) also helps 
in accelerating setting (transition from a fluid to a solid) and increasing the compressive strength. 
Zeolite crystallization is generally observed in hydroxide activated fly ashes.9 Palomo et al.65 
reported an increase in the Si content in the product phase with time, in sodium hydroxide activated 
fly ashes, cured at 85 °C. This increase in Si increased the compressive strength of the product 
phase. Sindhunatha et al.66 varied the silica content and curing temperature in potassium silicate 
activated fly ash. They observed that the microstructure of the hardened product phase, contained 
a silica-rich region (Si:Al ≈ 4) and a silica-poor region (Si:Al ≈ 2). Hence, the differences between 
hydroxide and silicate activated binders are mainly two-fold.10 One is the Si/Al ratio in the product 
phases formed. The other is the lower tendency of zeolite crystallization observed in silicate-
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activated binders when compared to hydroxide activated binders. Generally, silicate activated 
product phases tend to be more uniform at higher length scales when compared to hydroxide 
activated binders.65 
 Slag metakaolin binders (SMKB) are processed by mixing a sodium silicate solution with 
metakaolin and slag. Usually, the synthesis of metakaolin adds to the carbon footprint and cost of 
the final binder due to the calcination of kaolinite. Although both fly ash and metakaolin are made 
of Q4(mAl) units, metakaolin is generally more reactive than fly ash. One partial explanation for 
metakaolin being more reactive than fly ash is due to the presence of reactive Al(V) in metakaolin. 
Al(V) is generally absent in fly ash. NMR and pair distribution function (PDF) investigations have 
shed light on metakaolin’s highly disordered structure, particularly the Al environment.55–57, 67 
Previous literature reports activators like sodium carbonate, sodium sulfate, sodium hydroxide, 
and potassium silicate.10 However, in this thesis, only sodium silicate activated slag fly ash binders 
were developed. 
SFB and SMKB have the potential for large-scale commercialization and widespread use. 
The nanostructural evolution of the poorly ordered phases in SFB and SMKB must be well-
understood for successful large-scale use. SFB and SMKB use two precursors in each case. Hence, 
the chemistry in SFB and SMKB might be more complex (i.e., multiple poorly ordered phases 
present in binder) than a binder made using a single precursor (like metakaolin-based geopolymer 
or alkali-activated slag). The nanostructural evolution of metakaolin-based geopolymers (MKGP) 
has been studied before.67, 68  
Previous research indicated that geopolymers (Q4(mAl) units) and calcium silicate hydrate 
type gels (C-S-H, C-A-S-H, and C-N-A-S-H gels composed of Q1, Q2(mAl), and Q3(mAl) units) 
were the product (binding) phases that coexisted in SFB.69,70 Calcium silicate hydrate (C-S-H) gel 
in which Al substitutes for Si and Na substitutes for Ca in varying degrees (denoted as C-N-A-S-
H in this manuscript) is the major binding phase formed in both SFB and SMKB.71 C-S-H gel is 
primarily made of poorly crystalline CaO sheets sandwiched between discrete silicate chains. 
There are two types of silicate tetrahedra. One type is a pairing tetrahedron where the Si atom 
shares two O atoms (edge sharing) with the CaO sheet.72, 73. The other two O atoms are linked 
together with silicate tetrahedra. This type of tetrahedra was named “pairing” tetrahedra because 
they occurred in pairs in tobermorite, a crystalline mineral after which C-S-H was modeled with 
certain assumptions. The other is a bridging tetrahedron where the Si atom shares one O atom with 
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the CaO sheet.72, 73 Some tetrahedra were called “bridging” because they connected (bridged) the 
pairing tetrahedra as shown in Figure 1.12. Al can substitute for Si in either bridging tetrahedra or 
pairing tetrahedra or both types of tetrahedra.74–76 The space between the silicate chains contains 
water and cations (such as Na+, Ca2+) for charge balance and this space is referred to as the 
interlayer. Although this is the general structural model of C-S-H, there have been many models 
based on tobermorite and jennite.56, 69–73, 61–68 Myers et al.86 developed structural models to describe 
C-N-A-S-H gels taking into account certain reasonable constraints. This structural model enabled 
calculation of mean chain length, Al/Si ratio and degree of cross-linking in C-N-A-S-H gels. Yip 
and van Deventer reported that the Ca/Si ratio of C-S-H gel formed in sodium silicate activated 
slag-metakaolin binder systems was much lower than the Ca/Si ratio of C-S-H gel formed in 
OPC.69 
 
Figure 1.12: Illustration of bridging (B) and pairing tetrahedra (P) present in 14 Å tobermorite after 
Richardson.73 
 
Previous literature reports many slag-fly ash binder mixture formulations.11, 31, 70, 87–89 
Some research groups have performed MAS-NMR experiments on alkali-activated, slag-fly ash 
blends.90,91 Gao et al.90 performed HCl extraction (which dissolved C-N-A-S-H gel, geopolymer, 
and unreacted slag), 29Si, and 27Al NMR on alkali-activated slag as well as SFBs where a slag/fly 
ash ratio of 1.00 was used. The main aim was to study the influence of activator modulus on the 
reaction products in alkali-activated slag and SFBs. They found that the increase in activator 
modulus led to a reduction in slag reactivity. Bernal et al.91 performed NMR spectroscopy on SFB 
and studied the effect of accelerated carbonation. They observed that SFB contained Si 
environments which can be assigned to C-A-S-H and N-A-S-H type gels. Lloyd et al. 92,93 reported 
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that the Al and Si supplied by the fly ash cause differences in the reaction pathway of the slag 
particles. Garcia-Lodeiro et al.94 summarized that in calcium-rich formulations (pH more than 12), 
C-A-S-H and C2ASH8 form as stable phases. However, in the lime-poor part of the phase diagram, 
an amorphous gel (N,C)-A-S-H precipitates (where N = Na2O), but its stability is dependent on 
the system pH and the available Ca. (N,C)-A-S-H gels are destabilized by Ca to give C-A-S-H 
gels in suitable systems. Puligilla et al.70 performed FTIR on potassium silicate activated slag-fly 
ash blends and their extraction residues (SAM and HCl extraction residues). They concluded that 
both K-geopolymer and C-A-S-H gel coexisted in their SFB mixtures. However, the information 
gained about the C-S-H type gels using FTIR was limited. It is the author’s opinion that NMR 
could provide greater insight than FTIR in deciphering the Si and Al environments of the phases 
present in SFB. 
Geopolymers are poorly ordered, inorganic polymers composed of Q4(mAl) 
aluminosilicate units, wherein the Si and Al atoms are tetrahedrally coordinated.95 They are 
product phases having the formula M2O•Al2O3•xSiO2•yH2O, where M is a group I alkali cation 
(Na, K, Cs, etc.), x=2-6, and y=7.5-13.68, 96 Many scientists have studied the nanostructural 
evolution of geopolymers.97–99 Geopolymers are formed when an aluminosilicate, like metakaolin, 
undergoes dissolution, polycondensation, and precipitation in an alkali silicate solution. While 
acidic geopolymers like phosphate-based geopolymers do exist, they are not the focus of this 
study.99 They have a good compressive strength, excellent resistance to chemical attack by chloride 
and sulfate ions and excellent thermal stability, despite being processed at or near ambient 
conditions. K-geopolymer is chemically stable up to ~1000 °C, above which leucite, kalsilite, and 
remnant glassy phases are formed.9, 66, 97–99 Davidovits proposed that the geopolymer framework 
in SFB and SMKB are made of a solid solution of poorly ordered analogues of crystalline zeolites.9, 
99  
1.2.3. Nuclear magnetic resonance 
The NMR signal is primarily due to the interaction of nuclear spins with a strong applied 
external magnetic field. When an ensemble of nuclear spins experiences a strong, (in the order of 
a few Teslas) constant external magnetic field (Bo), their magnetic moments precess about the 
applied magnetic field at a frequency called Larmor frequency (ωo). There are many nuclear spin 
interactions, namely the Zeeman interaction (interaction between nuclear spin and applied external 
magnetic field), chemical shielding interaction (interaction between nuclear spin and local 
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secondary magnetic field), direct-dipolar coupling (interaction between magnetic moments of two 
spins through space), indirect spin-spin coupling (interaction between two magnetic dipole 
moments mediated by the electrons in the molecular orbitals that are involved in chemical 
bonding), and quadrupolar interaction (interaction between nuclear quadrupole moment and the 
local electric field gradient at the nucleus).103–106  
In many cases, Zeeman interaction has the highest magnitude, and other interactions are 
generally considered as perturbations of it (high field approximation). The Zeeman interaction is 
the interaction between nuclear spins and the external magnetic field. Hence, it is proportional to 
the applied external magnetic field. In the absence of an external magnetic field, the individual 
nuclear magnetic moments randomly orient in all possible directions, and they offset one another. 
Subsequently, there is no net magnetization. The different spin states of nuclei are not observable. 
As such, the nuclei have the same energy on average as shown in Figure 1.13.106 However, in the 




Figure 1.13: Zeeman interaction for a spin 3/2 nucleus with 𝛾>0 in the presence of a magnetic 
field. Image from Sutrisno.106 
 
As the energy difference between the nuclear spin states increase, the population differences 
between energy levels also increase. The Boltzmann distribution gives the ratio of this population 









Where Nβ and Nα are the populations of higher and lower energy levels respectively, k is the 
Boltzmann constant and T is the temperature in Kelvin. From Eq. (4), both temperature and 
magnetic field strength affect the population distribution. Larger population differences between 
the two energy levels lead to better detection sensitivity.106 
In the presence of an external magnetic field, the nuclear magnetic moments are preferentially 
aligned with the applied field. A net magnetization results because of population difference in the 
energy levels (Figure 1.14). The observation of NMR signal begins by applying an oscillating rf 
pulse which causes transitions between the different nuclear spin energy levels (Figure 1.14).106 A 
90° pulse along x-direction has the effect of tipping the bulk magnetization vector from the z-axis 
into the –y direction.106 After that, the magnetization will start precessing around the xy plane for 
some time. In terms of relative population difference, a 90° pulse will saturate both energy levels, 
making them equal, which is necessary for maximum signal intensity as we detect magnetization 
in the transverse plane.106 The precessing magnetization cuts a coil, thereby inducing a current in 
the coil. This current can be amplified and detected as the free induction decay and on Fourier 
transformation, gives the NMR signal (Figure 1.14).107 
 
  
Figure 1.14: The precessing magnetization vector will cut a coil wound around the x-axis inducing 
a current which can be amplified and results in the free induction decay (FID) in the time domain 
which can be Fourier transformed into the NMR signal in the frequency domain. Images are from 
Keeler, and Claridge, respectively.107–109 
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While performing a quantitative NMR experiment, it is critical to ensure that all signals of 
interest be completely relaxed before the next pulse is applied. If the next pulse is applied too soon, 
the resulting signal intensity and relative areas will not yield proper quantitation. After applying a 
90º pulse, the magnetization vector relaxes at a rate proportional to the longitudinal relaxation time 
(t1) of the nucleus. Thus, after 3t1 the magnetization has recovered to 95.0% of its original size; 
after 5t1 the recovery is 99.3%, and after 7t1 it is 99.91%.
110 Therefore, to obtain an accuracy of 
1% or less, the recycle delay, d1 (the time between pulses), must be at least five times the t1 of the 
slowest relaxing signal of interest in the spectrum.110 
NMR signals generally have intensity on y-axis and frequency on the x-axis. Absolute 
frequencies are measured in Hz or MHz. Reporting on measured signals is simplified if all 
frequency measurements are made with respect to a reference. Chemical shift scales are 
constructed by assigning an arbitrary shift (usually 0.0 ppm) to a stable reference compound.106 
All chemical shifts are reported relative to this reference. The ppm unit represents frequencies as 
a fraction of the absolute resonance frequency which relies on the strength of the magnet. The 
advantage of the ppm unit is that frequency measurements are independent of magnetic field 
strength which significantly simplifies the comparison of spectra acquired on different 
spectrometers.107 
In solution NMR, the rapid random tumbling averages the orientation-dependent anisotropic 
effects (chemical shielding, dipolar and first-order quadrupolar interactions) leading to the 
observation of sharp peaks in the NMR spectrum. For a single crystal, a sharp line would be 
observed with its chemical shift corresponding to the orientation of the crystal with respect to the 
applied external magnetic field.106 However, in a powdered polycrystalline sample, molecules are 
randomly oriented in various possible orientations with respect to the magnetic field. All of the 
orientation-dependent chemical shifts can be seen, and each crystallite gives rise to a discrete 
frequency. The anisotropic interactions have a spatial orientation dependence of 3cos2θ-1, when 
set to 0 and solved for θ, yields the magic angle of θ=54.74°. θ is the angle between the external 
magnetic field and the internuclear vector as shown in Figure 1.15. On spinning the sample at 
speed faster than the magnitude of anisotropy at the magic angle, the anisotropic interactions are 
completely averaged. Rotational spin echoes are often created in the time domain signals which 
give rise to spinning side bands in the corresponding frequency domain. The spinning side bands 










Figure 1.16: Illustration M D T Q nomenclature. Illustration from Uhlig.112 
The chemical shift in 29Si NMR indicates connectivity. M (which means SiOR3), D (SiO2R2), 
T (SiO3R), and Q(SiO4), as shown in Figure 1.16, have well-resolved 
29Si chemical shifts. The 
silicates used in this thesis are made of Q units (SiO4 tetrahedra). Also, the solid aluminosilicate 
precursors are predominantly poorly ordered. Hence, their 29Si MAS-NMR spectra are often broad 
when compared to solution NMR. The influence on chemical shift caused by varying n (n=0 to 4 
in Qn(mAl)) is more when compared to that of varying m (and keeping n constant, i.e., when Al 
substitutes for Si). Since there are multiple solutions to deconvolute such a broad spectrum, it 
(spectrum) needs to be reasonably deconvoluted by constraining specific parameters like chemical 
shift, peak width, and shape. The information on connectivity is deduced by assigning the Qn(mAl) 
22 
 
units to the deconvolutions. The range for the various Qn(mAl) units is displayed in  Table 1.2 
below. 
 
Table 1.2: 29Si NMR chemical shift ranges of various Qn(mAl) building blocks in zeolites from 
Klinowski.9, 109 The structure of each Q unit is a tetrahedron. 
 
From Fry114, the signal to noise ratio (S/N) can be expressed as: 
 







where n is the number of nuclear spins being observed, γe is the gyromagnetic ratio of the spin 
being excited, γd is the gyromagnetic ratio of the spin being detected, Bo is the magnetic field 
strength, and t is the experiment acquisition time.114 29Si is a spin half nucleus in which the nuclear 
charge distribution is spherical. 29Si also has a low natural abundance of 4.685 mol %. The low 
natural abundance implies that the sensitivity would be low. A reasonably high signal to noise ratio 
in 29Si solids can be acquired if the number of transients (nt) collected is large, or if the sample is 
enriched with 29Si isotope.115 A larger amount of sample packed also helps, as the signal to noise 
scales as a function of the mass of sample packed. Practically, a larger rotor and/or “pressure 
packing” would increase the amount of sample packed.116 For a given acquisition time, the tip 
angle in the pulse sequence could also be optimized without losing quantitation.117–119 
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27Al and 23Na have a spin of 5/2 and 3/2, respectively. Both of these nuclei have a non-spherical 
(prolate or oblate ellipsoidal) charge distribution. The nuclear quadrupole moment is the measure 
of the deviation from the spherical charge distribution. The surrounding environment of the 27Al 
and 23Na results in a local electric field gradient (EFG). The interaction between the nuclear 
quadrupole moment with the EFG causes the resonances to broaden in quadrupolar nuclei like 
27Al. Due to the quadrupolar broadening contributing to the line width (and lineshape), 27Al MAS-
NMR spectra cannot be reasonably deconvoluted using Lorentzian or Gaussian (or a combination 
of both) curves. Higher magnetic field reduces the quadrupolar broadening. Two parameters can 
be used to describe the EFG. The nuclear quadrupolar coupling constant (CQ in Hz) is a parameter 
that corresponds to the spherical symmetry of the nuclear environment. 103–106 The asymmetry 
parameter (denoted as ηQ where 0≤ηQ≤1 and has no units) describes the cylindrical/axial symmetry 
of the molecule. Lower values of CQ and ηQ implies higher spherical and axial symmetry, 
respectively, of the environment surrounding the molecule. Mathematical treatment of this could 
be found elsewhere.103–106 The values of CQ and ηQ are field independent, but the effect that CQ 
and  ηQ have on the 
27Al NMR spectra are dependent on the field, which, in this study is illustrated 
in APPENDIX E.103–106  
The effect of nuclear spin (spin-1/2 or quadrupolar), natural abundance, and recycle delay d1 
(which is influenced by the longitudinal relaxation time t1 in quantitative NMR) on an NMR signal 





Table 1.3: Qualitative influence of parameters (spin, natural abundance (NA), recycle delay (d1)) 




Result: Low nt 




Result: High nt 




Result: Low nt 




Result: High nt 
Example: 43Ca, 67Zn 
 
1.3 Limitations of previous work 
Commercially available metakaolin was found to be variable from one vendor to another. The 
most critical variation was found in the Al environment of commercial metakaolins. In previous 
literature, 27Al NMR spectral deconvolution of metakaolin using CQ and ηQ could be found.
120, 121 
However, this metakaolin was synthesized by calcining kaolinite in the lab. The value of CQ 
indicates the degree of distortion in the environment of Al in metakaolin. CQ is field independent, 
but the effect of CQ on the spectrum depends on the field. For this reason, 
27Al MAS-NMR data 
were gathered on the same sample using two different magnetic fields. Based on that, the CQ values 
were optimized. Using similar CQ values for two fields gives more credence to the CQ values. This 
is the first time that the variability of Al environments of commercially obtained metakaolins were 
systematically studied using 27Al NMR. Apart from that variability in particle size, oxide 
composition, and crystalline impurities were also studied. Future researchers could use this 
information presented in this study to select precursors for binders. Additionally, two grades of 
slags and class F fly ash were also characterized in the same way, as mentioned above. 
Depending on the precursor chemistry and binder mix design, it is likely that the precursors 
such as slag, fly ash, and metakaolin do not completely react. Remnants of unreacted precursors 
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in hardened binders have been observed by SEM.70, 90, 122 SFB is a blended binder which has a high 
potential for large-scale use. However, the chemistry in SFB is more complicated than in a single 
precursor system such as alkali-activated slag or metakaolin-based geopolymers. Slag and fly ash 
have similar Q numbers to C-S-H type gels and geopolymers, respectively. As a result, their 29Si 
NMR signatures overlap considerably and cannot be reasonably deconvoluted, unless certain 
phases are selectively dissolved. Previous researchers have made attempts toward solving this 
problem. Dyson et al.123 used a dissolution procedure involving Na2H2-EDTA-Na2CO3 on blends 
of blast furnace slag and OPC. Recently, Gao et al.90 performed 29Si and 27Al NMR on alkali-
activated slag as well as SFBs where a slag/fly ash ratio of 1.00 was used. Their main aim was to 
study the influence of activator modulus on the reaction products in alkali-activated slag and SFBs. 
However, only HCl extraction was used in that work but not SAM extraction. SAM extraction 
selectively dissolves only C-S-H type gels. This work is unique because of the following reasons. 
Both SAM and HCl extractions were used on SFB and SMKB. MAS-NMR was performed on 
binders and their extraction residues. Furthermore, the NMR spectral subtraction was performed 
using a new method that has not been done before. The nanostructure of the poorly ordered phases 
was studied as a function of important parameters such as slag/fly ash ratio, curing time, and curing 
temperature. 
Setting characteristics of SFBs have been studied by Puligilla et al.89 Suraneni et al.124 first 
hypothesized the presence of a soft gel in class C fly ash based binders. Puligilla et al.89 found a 
good correlation in set time measured by SUWR and modified ASTM C403 penetration testing in 
potassium silicate activated SFB. However, in this research, the presence of a soft gel was 
suspected in sodium silicate activated SFB. The fly ash used to prepare the SFB was a class F fly 
ash with very low (at most 1 wt %) free lime content. Also, many aspects of the structure of a soft 
gel were found, which has not been done before. 
 
1.4 Objectives, scope, and broader impact of research 
The aim of this work was three-fold. The first aim was to characterize the precursors. The 
precursors were characterized using XRD, EDXRF, MAS-NMR, FTIR, TGA and laser diffraction. 
The poorly ordered portions of fly ash, slags, and metakaolins were analyzed using NMR and 
FTIR. Five SFB mixtures were developed, and three among them were systematically studied.125 
The proportion of unreacted fly ash was found to be high in SFB. Fly ash was replaced with 
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metakaolin because the latter is more reactive than the former. Five different commercial 
metakaolins were evaluated using the characterization techniques mentioned previously, and two 
were selected to make SMKB. The broader impact of this is to illustrate the differences in 
metakaolin. The data and interpretation would help future researchers to make an informed choice 
on the precursors. 
The second aim was to understand setting in SFB using two complementary methods, namely 
shear wave ultrasonic wave reflectometry (SUWR) and modified ASTM C403 penetration test 
method. The disparity in setting time measured by these two tests suggested that a “soft” gel which 
had a solid percolating network, but no gel strength existed in these binders. This soft gel later 
gained gel strength. The structure of a soft gel was analyzed through reaction suspension, selective 
chemical extractions, MAS-NMR spectroscopy, and FTIR spectroscopy. The broader impact of 
this is to help frame standards that take the formation of soft gel into consideration. 
The third aim was to identify and quantify the poorly ordered phases as a function of curing 
time, curing temperature, and slag/fly ash ratio. Poorly ordered phases were identified through 
selective chemical extractions and nuclear magnetic resonance (MAS-NMR) spectroscopy of 
binders and extraction residues. After spectral subtraction and peak deconvolution, the mean chain 
length (MCL), Ca/(Si+Al), and Al/Si ratios of C-N-A-S-H gels were calculated. The Si:Al atomic 
ratio of geopolymers was also calculated. The proportion of Si in each poorly ordered phase in 
SFB and SMKB were estimated, and the structures of these poorly ordered phases were deduced. 
The broader impact of this is to find the correlation between the nanostructure of the gel phases 
and compressive strength. 
 
1.5. Organization of this thesis 
Chapter 1 provided background, motivation, and relevant literature survey. Chapter 2 of this 
thesis deals with the raw materials, sample preparation, and analysis methods used in this work. 
Following that, each objective has been handled in a separate chapter. That is, the characterization 
of precursors has been discussed in detail in chapter 3. Chapter 4 has been devoted to the 
understanding of setting in slag-fly ash binders with a particular focus on resolving the structure 
of a soft gel. Finally, the compressive strength of hardened binders and nanostructure of poorly 
ordered phases in SFB and SMKB has been examined in chapter 5. Key conclusions were listed 
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CHAPTER 2. MATERIALS AND METHODS 
 
2.1. Raw materials, binder mixture design, and mixing protocol 
As-received, sodium silicate solution (BW-50 from PQ Corp., Valley Forge, PA)126 having 
a modulus of 1.65:1 was mixed with class F fly ash (Boral Corp. Jacksonville, FL) using an IKA 
high shear mixer (IKA Works, Wilmington, NC (Figure 2.1)) for 5 minutes. Grade 100 ground 
granulated blast furnace slag (LaFarge Corp., Chicago, IL) was then added, and this slurry was 
mixed further for 2 minutes. Finally, deionized (DI) water was added, and the slurry was mixed 
for 5 more minutes. In this study, the total amount of binder mixed was held constant at 100 g. The 
total mixing time was for 12 minutes, and the mixing speed was 700 rpm. After the binder was 
mixed, it was poured into molds and wrapped with plastic food service film along with a wet paper 
towel. In the mixing protocol, additional water was added towards the end rather than pre-mixing 
with the sodium silicate solution. This variable (timing of water addition) was tested using in situ 
isothermal calorimetry. The results revealed that the heat and power curves started to converge 
after the mixing period.127 To maintain uniformity, the same mixing protocol (adding additional 
water in the end) was adopted throughout this study. The binder mixture design is as summarized 





(a)  (b)  
Figure 2.1: IKA shear mixers for small (e.g., ~100 g for NMR) and large (e.g., few kgs for 
penetration tests) batches respectively. 
 
Table 2.1: Mix design for slag-fly ash binders (SFB). 













0.18 9.75 55.25 25.00 10.00 
0.33 16.25 48.75 25.00 10.00 
1.00 32.50 32.50 25.00 10.00 
 
Five different commercial metakaolins were evaluated for making slag-metakaolin binders 
(SMKB). The mix design prescribed by Davidovits was followed (Table 2.2).9 The metakaolins 
evaluated were Metastar 501, Metastar 501 HP, Argical M1200S (Imerys Refractory Minerals, 
Clerac, France), Metamax (BASF Corp., Ludwigshafen, Germany), and Powerpozz (Advanced 
Cement Technologies, Blaine, WA, USA). Davidovits used potassium silicate solution along with 
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Ca-melilite slag (average particle size = 8 µm) and “MK-750” (where MK indicates metakaolin 
and 750 indicates the calcination temperature of 750 °C).9 Grade 120 slag (LaFarge Corp., 
Chicago, IL) was selected over grade 100 slag due to the similarity in particle size to that used by 
Davidovits.9 The MK-750 used by Davidovits was stated to be Metastar 501 metakaolin.128 
However, the 27Al MAS-NMR spectra of Metastar 501 and Metastar 501 HP revealed that the 
former did not contain Al(V) whereas the latter contained a significant amount of Al(V). That is, 
27Al MAS-NMR spectra of Metastar 501 HP and MK-750 reported in previous literature were 
similar.9, 123 Hence, Metastar 501 and Metastar 501 HP were used to make SMKB 1 and SMKB 2, 
respectively. In doing so, the influence of Al(V) in the poorly ordered phases could be studied. 
 
Table 2.2: Mix design for slag-metakaolin binders (SMKB) from Davidovits.9 The only 
difference between SMKB 1 and SMKB 2 was the metakaolin source used. 
Mix ID Grade 
120 slag 
Metakaolin Na silicate 
solution 
modulus=1.25:1 
50 wt % water 
Additional DI 
water 
 (wt %) 
SMKB 1 23.90 26.55 
(Metastar 501) 
22.12 27.43 





2.2. Mechanical testing 
Twelve binder specimens for each curing condition were tested in four-point flexural strength 
tests (third-point loading) according to ASTM C78/C78M-10 standard test method.130 Flexural test 
specimen dimensions were 10 mm x 10 mm x 50 mm. The load cell had a full-scale capacity of 2 
kN. Eight binder cylinders, of 25 mm diameter and 50 mm height, for each different curing 
condition, were tested in compression according to ASTM 1424-10.131 
Weibull statistics were obtained for the samples tested in compression and flexure. The two-
parameter Weibull function is given by Eq. (6) below:  
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     (6) 
where F(𝜎) is the cumulative probability distribution of the failure stresses of the composite 
material, v is the non-dimensional volume, σ is the breaking stress, σo is the scale parameter and β 
is the shape parameter or Weibull modulus. The mechanical properties of brittle and flaw-sensitive 
slag-fly ash binders are statistical in nature. The probability of a flaw occurring is low at lower 
length scales. The Weibull modulus (β) provides an estimate of the change in strength with the 
change in sample dimensions. The higher the Weibull modulus, the lower the dispersion of failure 
stresses. 
 
2.3. Scanning electron microscopy and Energy dispersive x-ray spectroscopy 
Scanning electron microscopy (SEM) (JSM-6060LV JEOL USA, Inc., Peabody, MA) and 
energy dispersive x-ray spectroscopy (EDS) were performed using an Oxford Instruments 
(Concord MA, USA) ISIS EDS system, which had a 10 mm2 ATW Si (Li) x-ray detector and 130 
eV resolution (Mn K-α). SEM and EDS were used to analyze the microstructural development of 
binder mixtures as a function of curing conditions. The hardened binders were cut using an Isomet® 
saw (Buehler Corp., Lake Bluff, IL). For quantitative EDS, only 28-day old samples were used. 
Polishing methodology followed in this study closely resembled the method used by Puligilla et 
al.89 Samples were mounted in an epoxy mold (EpoxySet, Allied High Tech Products Inc., CA, 
USA) and wet polished using SiC papers of various decreasing grit sizes: 20 μm, 15 μm, 10 μm, 
and 5 μm. After that, the samples were polished using 3 μm and 1 μm diamond lapping films, and 
this was followed by polishing using a 0.25 μm diamond paste on a cloth until a smooth surface 
was achieved. The samples were ultrasonically cleaned in water to remove any debris and stored 
in a desiccator connected to a vacuum pump at 101 kPa vacuum for at least 24 hours before 
analysis. This procedure was adopted to avoid outgassing in the SEM. Microchemical analysis was 
performed at an accelerating voltage of 5 kV to determine the Si:Al ratio of the binder to optimize 
the interaction volume for x-ray generation as prescribed by Lloyd et al.93 An accelerating voltage 
of 15 kV was also used to quantitatively analyze Ca present in some areas of the binder sample. 
Samples were carbon coated for quantitative EDS or Au/Pd sputter coated before analysis to 
eliminate charging in the SEM. 
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2.4. Energy dispersive x-ray fluorescence 
Energy dispersive x-ray fluorescence (EDXRF) experiments were carried out using a 
Shimadzu EDX-7000P spectrometer (Columbia, MD). They were performed on all the precursors 
to determine the oxide composition. 
 
2.5. X-ray diffraction 
X-ray diffraction (XRD) experiments were performed using a Siemens/Bruker D5000 
(Madison, WI) X-ray diffractometer with a Cu Kα radiation wavelength of 0.15418 nm and a 
single-crystal quartz holder with no background. All precursors and binders were examined by 
XRD in order to identify the crystalline phases present and also to roughly identify the position of 
the amorphous hump. 
 
2.6. Particle size distribution 
The particle size distributions of grade 120 slag and metakaolins were determined by laser 
diffraction (using Mie scattering theory) in an LA-950V2 Laser Particle Size Analyzer (Horiba 
Scientific, Edison, New Jersey, USA). 
 
2.7. Penetration testing 
Setting is defined as the transition from a fluid to a solid.124 Penetration testing was performed 
according to the ASTM C403 standard132 (with certain modifications)133, by using an HM-570 
Acme Penetrometer and HM-571 Mortar Penetration Apparatus (Gilson Company, Inc., Lewis 
Center, OH). This test measured the resistance offered by SFB against a penetrating needle of 
known cross-sectional area. The height of the needle was 50 mm, and it penetrated to a depth of 
25 mm within 10 sec. Six needles with cross-sectional areas of 645, 323, 161, 65, 32, and 16 mm2 
(of diameters 28.7, 20.3, 14.3, 9.1, 6.4, and 4.5 mm, respectively), each with a length of 50 mm, 
were used. The load experienced by the needle was divided by its cross-sectional area to provide 
the penetration resistance. A graph of penetration resistance versus time was plotted. This test was 
initially developed for cement mortar extracted from concrete but later extended to cement by 
Chung et al.133 Initial set time was considered to be when penetration resistance was 2 MPa and 
the final set time was at 14 MPa. 
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2.8. MAS-NMR sample preparation 
The binders were crushed to fine powders using a mortar and pestle. Selective chemical 
extractions and MAS-NMR experiments were performed on powdered binders and dried 
extraction residues (also in powdered form). 
2.8.1. Reaction suspension in Mix 1.00 
        A method proposed by Chen et al.134 to suspend the reaction for Ca-containing binders at an 
early age was adopted in this study. Mix 1.00 was selected because the soft gel was present for a 
sufficient amount of time so that the experiment to suspend the reaction could be performed before 
the soft gel hardened. Forty minutes after processing mix 1.00, 0.8 g of mix 1.00 was mixed with 
50 ml of deionized water, and the liquid was removed by centrifuging at 4000 RPM for 5 minutes. 
The liquid was collected and, by adding methanol (twice the volume of liquid collected), sodium 
silicate was precipitated out. This process was repeated until no precipitation of sodium silicate 
was observed. After this, the residue was treated with ten times the volume of solvent (containing 
50 vol % methanol and 50 vol % acetone). The residue was stirred and crushed in a mortar and 
pestle to ensure maximum particle contact with the solvent. After 5 minutes, the solvent was 
removed using vacuum filtration, and the new solvent was added. This process was repeated five 
times, after which the residue was stored in a desiccator connected to 0.1 MPa vacuum for 24 hours 
or until constant weight was achieved. 
2.8.2. Salicylic acid-methanol extraction 
Salicylic acid-methanol (SAM) extraction removes calcium silicate hydrate, calcium 
aluminum silicate hydrate but does not dissolve unreacted slag, unreacted fly ash or geopolymer. 
36, 70, 141, 122, 134–140  The SAM extraction procedure for OPC described by Stutzman was followed 
here.137 4 g of salicylic acid was dissolved in 60 mL of methanol to form the SAM solution. To 
the SAM solution, 1 g of powdered binder sample was added, and the suspension was shaken for 
2 hours on a shaker table. A shaker table was used instead of a magnetic stirrer to retain the 
magnetite from fly ash which would otherwise stick to the magnetic stir bar. The suspension was 
allowed to stand for 15 minutes and then vacuum filtered through a 2.7 µm pore size, quantitative 
filter paper (Grade 50 Whatman filter paper) in a Buchner funnel. Insoluble residue was washed 
with methanol and dried in a vacuum desiccator under a vacuum of 0.1 MPa for 24 hours, or until 
constant weight was reached. The dry, insoluble residue was weighed and subjected to MAS-NMR 
spectroscopy. Unreacted slag, unreacted fly ash, and geopolymer were expected to constitute the 
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SAM residue of SFB. The SAM residue of SMKB was expected to be composed of unreacted slag, 
unreacted metakaolin, and geopolymer. SAM extraction was expected to have no effect on 
metakaolin based geopolymer (MKGP). 
2.8.3. Hydrochloric acid extraction 
Hydrochloric acid (HCl) extraction performed on SAM residue extraction removes 
geopolymer and slag. This protocol has previously been reported in the literature.12, 70, 142, 143 1 part 
by volume of 37 % conc. HCl acid was added to 20 parts of deionized water to make the HCl 
solution. 1 gram of powdered sample was dissolved in 250 ml of HCl solution, and the suspension 
was shaken for 3 hours on a shaker table. Then the suspension was allowed to stand for 15 minutes 
and vacuum filtered through 2.7 µm pore size, quantitative filter paper (Grade 50 Whatman filter 
paper) in a Buchner funnel. Insoluble residue was washed with deionized water to pH = 7 and 
dried at 100 °C for 24 hours, by which time, constant weight was achieved. The residue was 
weighed and subjected to MAS-NMR measurements. Since HCl extraction decomposes C-S-H 
leaving silica gel behind which might confound the 29Si MAS-NMR spectral subtraction, HCl 
extraction was always performed on SAM residue.70 For simplicity, this procedure will be referred 
to as simply HCl extraction throughout this thesis. The residue of HCl extraction in SFB will be 
unreacted fly ash. In both SMKB and MKGP the HCl extraction residue will contain only 
unreacted metakaolin. 
 
2.9. Shear wave ultrasonic wave reflectometry 
As illustrated in Figure 2.2, an s-wave transducer was mounted to a high impact polystyrene 
(HIPS) buffer by using solid phenol salicylate. After the binder was mixed, it is immediately 
poured into the buffer, and the buffer was covered on top with a plastic foodservice film. The entire 
experiment was performed in a room held at 50 % relative humidity and 22 °C. In this method, the 
intensity of the wave reflected at the interface of a buffer and the sample was monitored as a 
function of time.144 Because shear waves (s-waves) propagate in solids but not in fluids, there was 
a marked increase in the intensity of the propagated wave, and, thereby, decrease in the intensity 
of the reflected wave, as setting took place.145 The theory and experimental set-up have been 
discussed in detail elsewhere.144–146 Ultrasonic wave reflectometry (UWR) provides continuous 
monitoring and measures the time when a solid percolating network begins to form, unlike 
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penetration testing, which measures gel strength through mechanical resistance experienced by a 
penetrating needle. 
 
Figure 2.2: Shear wave ultrasonic wave reflectometer apparatus schematic from Chung et al.147 
 
2.10. Nuclear magnetic resonance spectroscopy 
29Si, 27Al, and 23Na nuclear magnetic resonance (NMR) spectroscopy were used to look at 
the local environment in raw materials, binders, and extraction residues. The silicate 
polymerization could be obtained in 29Si NMR. 23Na and 27Al NMR were used to determine the 
coordination of Na and Al, respectively. Deconvolution of NMR spectra was carefully performed 
according to the following guidelines.91,148 29Si NMR spectra were deconvoluted using a minimum 
number of Gaussian peaks. The intensity (peak width and height) was varied smoothly for fly ash 
and reaction products since Provis et al.149 proved that the thermodynamics of statistical 
distribution prevented one Q4(mAl) unit from having a more dominating presence than the 
neighboring (Q4(m+1) or Q4(m-1) unit) units in Q4 glass or gel. Previous literature was consulted 
in order to assign the Qn(mAl) units to the deconvoluted peaks. 
The 29Si MAS-NMR experiments were conducted in a Varian Unity Inova 300 MHz 
spectrometer having a magnetic field strength of 7.05 T, operating at 59.6 MHz frequency and 
using a 4-mm zirconia rotor spinning at a frequency of 10 kHz. The direct polarization experiment 
used a π/2 flip angle (2.5 μs pulse width) with a 30-sec relaxation delay to ensure complete 
relaxation before each next pulse excitation so that the spectra could be analyzed quantitatively.91 
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The acquisition time was 5.12 ms, and the total number of scans acquired was 2048. 29Si NMR 
chemical shift referencing was done using powdered octakis(dimethylsilyloxy)silsesquioxane 
(Q8M8), which had a chemical shift of 11.45 ppm, relative to the primary standard 
tetramethylsilane (TMS) at 0 ppm. 29Si solution NMR was performed on the industrially obtained, 
sodium silicate solution (see section 0). Spectral deconvolution and fitting for 29Si spectra were 
performed utilizing MestReNova and NUTS software. 
23Na MAS-NMR measurements were made with the same probe and instrument operating 
at 79.8 MHz frequency. Experimental chemical shift referencing, pulse calibration and setup were 
performed with solid NaBH4, which had a chemical shift of -8 ppm, relative to the primary standard 
0.1 M NaCl solution at 0.00 ppm. The direct polarization experiment used a selective (solid) 90-
degree pulse width of 1.5 μs, and a recycle delay of 1 second. The acquisition time was 5.12 ms. 
In total, 1024 scans were acquired for each sample. 
  27Al MAS-NMR measurements were made with the same probe (4-mm probe) and 
instrument operating at 78.2 MHz frequency. In addition, 27Al MAS-NMR experiments were also 
conducted in a Varian NMR spectrometer (VNMRS) system with a 17.6 T magnetic field strength 
and 195.4 MHz resonance frequency. Experimental chemical shift referencing, pulse calibration, 
and setup were performed with a 1 M Al(NO3)3 solution (of chemical shift 0.00 ppm). The direct 
polarization experiment used a π/6 flip angle (0.8 μs selective pulse width) and a recycle delay of 
1 second. The acquisition time was 5.12 ms. In total, 4096 scans were acquired for each sample. 
27Al is a quadrupolar nucleus, and higher field reduces line broadening due to quadrupolar 
interaction. Hence, this improves the resolution of four, five, and six-coordinated Al. 
27Al MAS-NMR spectra were deconvoluted using both WSolids150 and DMFit151 programs. 
During simulation of 27Al NMR spectra, quadrupolar coupling (CQ), asymmetry parameter (ηQ), 
and isotropic chemical shifts (δiso) were considered from previous literature and refined by fitting 
the same parameters at two magnetic fields. Full-width at half-maximum (FWHM) used for CQ 
fitting was constrained to be less than the natural linewidths of the spectrum to avoid masking the 
line shapes resulting from CQ. 
 
2.11. FTIR spectroscopy 
Fourier Transform Infrared (FTIR) spectroscopy was performed using a ThermoFisher Gemini 
handheld analyzer. FTIR experiments were performed in absorption mode. For collection optics, 
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an attenuated total reflectance with a diamond crystal was used. The spectrometer range for FTIR 




CHAPTER 3. CHARACTERIZATION OF PRECURSORS 
 
3.1. Sodium silicate solution 
The oxide composition of the sodium silicate solution is listed in Table 3.1. The SiO2:Na2O 
weight ratio was 1.60:1 and this translated to a modulus (molar SiO2:Na2O ratio) of 1.65. 
 
Table 3.1: Oxide composition of sodium silicate solution from manufacturer’s (PQ Corp., Valley 
Forge, PA) datasheet.126 





29Si solution NMR of as-received sodium silicate solution (Figure 3.1 and Table 3.2) 
revealed that the proportion of Qn units followed the order Q2>Q3>Q1>Q0. Q4 units were absent in 
the sodium silicate solution. The relative proportions of Qn units depend on the proportion of water, 
silica, and sodium oxide, as well as the processing method.9 Interestingly, multiple peaks could be 
assigned to the same Qn unit. The same Qn unit present in different cyclic oligomers gave rise to 
slightly different chemical shifts because of differing environments. However, it was impossible 
to identify the oligomers present in the sodium silicate solution using the data from Table 3.2. It is 
energetically favorable to form cyclic oligomers than to form linear chains. Therefore, the 
tendency to form cyclic oligomers increases with the increase in the degree of polymerization.9,152 










Table 3.2: Peak positions and corresponding Qn units of as-received sodium silicate solution. 
Subscript “cycl” denotes that the Qn unit is present in a cyclic oligomer. 
S.No Position (ppm) Width(Hz)  Qn Proportion (mol %) 
1 -71.65 28 Q0 4.64 
2 -79.44 52 Q1 19.96 
3 -81.43 32 Q2cycl 5.23 
4 -81.75 18 Q2cycl 6.81 
5 -85.66 15 Q2 0.4 
6 -87.3 61 Q2 
25.21 
7 -87.64 36 Q2 
8 -87.97 20 Q2 4.23 
9 -88.93 52 Q3cycl 5.76 
10 -89.57 28 Q3cycl 3.19 
11 -89.84 27 Q3cycl 3.96 
12 -90.42 28 Q3cycl 1.72 
13 -93.74 53 Q3 1.59 
14 -95.43 56 Q3 9.5 
15 -95.95 34 Q3 4.26 
16 -96.86 20 Q3 1.43 
17 -97.15 37 Q3 2.11 
 
FTIR spectroscopy of as-received sodium silicate solution (Figure 3.2) revealed peaks at 
3250 cm-1, 1650 cm-1, and 975 cm-1, respectively. The broad peak at 3250 cm-1 was due to the 
stretching of hydrogen-bonded -OH groups. The peak at 1650 cm-1 was due to the scissoring bend 
of water. The main peak at 975 cm-1 which was at the silicate fingerprint region could be ascribed 
to the various oligomers present in the solution.153 
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Figure 3.2: FTIR of sodium silicate solution. 








975* Silicate fingerprint of oligomers 
1650 Scissoring bend of H2O 
3250 -OH stretching 
 
3.2. Slag 
Grade 100 and grade 120 slags from the same supplier were used in this study. It would be 
wrong to assume any similarities (in physical and chemical properties) between the two slags 
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because the slag activity index is merely based on compressive strength and provides no specific 
information about the physical and chemical properties of the slag. Hence both slags were 




Figure 3.3: SEM micrograph of grade 100 slag showing angular particle morphology. 
 
The variation in oxide composition between grade 100 and grade 120 slag was less than 
3.5 wt % as shown in Table 3.4. It is important to note that CaO is not available in the form of free 
lime because no crystalline peaks correspond to CaO (lime) in XRD of either grade 100 or grade 




Table 3.4: Oxide composition of grade 100 and grade 120 slags. 
Oxide Proportion (wt %) 
Grade 100 slag Grade 120 slag 
Al2O3 9.47 9.98 
SiO2 42.55 45.70 
SO3 2.35 2.33 
K2O 0.42 0.33 
TiO2 0.35 0.35 
Cr2O3 0.00 0.02 
MnO 0.17 0.26 
Fe2O3 0.27 0.33 
CuO 0.00 0.01 
ZnO 0.00 0.00 
Ga2O3 0.00 0.00 
SrO 0.04 0.03 
ZrO2 0.00 0.03 
P2O5 0.00 0.22 
CaO 32.92 29.32 
V2O5 0.00 0.05 
MgO 11.47 11.05 
   
XRD indicated that the position of the amorphous hump of the two slags was slightly 
different. The difference in the position of the amorphous humps indicated that the local structure 
of the glass in these two slags are different. Hence NMR and FTIR were performed on both slags. 
Furthermore, unlike grade 120 slag, grade 100 slag had some faint crystalline peaks in the noise 
region, but it was impossible to identify the crystalline phases to which these peaks belonged. 
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Figure 3.4: XRD of (a) grade 100 slag (b) grade 120 slag. 
 
Laser diffraction indicated that the particle size (mode) of grade 120 slag was slightly 
smaller than grade 100 slag as shown in Figure 3.5. It can be concluded that both the slags had a 
similar particle size. 
45 
 








































 ,  Frequency (%)

































Figure 3.5: Particle size of (a) grade 100 and (b) grade 120 slags. 
 
29Si NMR spectra of both grade 100, and grade 120 slag (Figure 3.6 and Table 3.5) had a 
main peak at around -74 ppm. This peak could be assigned to Q1, and Q2(2Al) units that 
corresponded to a solid solution of gehlenite (2CaO•Al2O3•SiO2), and akermanite 
(2CaO•MgO•2SiO2) glass.
9 According to Deer et al.65, akermanite consists of Si2O7 disilicate units 
sharing corners with MgO4 tetrahedra. The MgO4 and SiO4 tetrahedra are arranged in a sheet-like 
pattern with a pentagonal basic structure. The sheets are held together with Ca-O linkages where 
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Ca is in octahedral coordination surrounded by oxygens.65 Gehlenite has a similar structure, where 
all the Mg and one of the two Si in akermanite are replaced by Al.65 It can be concluded that the 
29Si chemical shifts of the two slags were quite similar because an approximate variation in the 
chemical shift of the same sample in the instrument was ±2 ppm. Temperature fluctuations in the 
room, slight differences in probe tuning and signal processing parameters (like phasing, baseline 
correction) are the reasons for this variation. 
 
 
Figure 3.6: 29Si MAS-NMR spectra of (a) grade 100 slag showing a peak at -74.7 ppm and (b) 
grade 120 slag showing a peak at -76.1 ppm. These peaks correspond to Q1 and Q2(2Al) silicate 
units. 
 
Table 3.5: Peak positions and corresponding Qn(mAl) units of grade 100 and grade 120 slag. 
Slag 
grade 
Chemical shift (ppm) FWHM (Hz) Qn(mAl) Proportion (mol %) 
Grade 
100 
-74.7 700 Q1 and Q2(2Al) 100 
Grade 
120 
-76.1 979 Q1 and Q2(2Al) 100 
 
Interestingly, 27Al NMR spectra of both grade 100, and grade 120 slag (Figure 3.7) revealed 
the presence of small amounts of Al(V). In addition to the dominant peak at ~65 ppm 
corresponding to four-coordinated aluminum (Al(IV)) in glassy gehlenite, the faint peak at about 
37 ppm could be ascribed to Al(V) (Table 3.6). Both grade 100 and grade 120 slags did not contain 
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any six-coordinated aluminum (Al(VI)). The presence of Al(V) and the absence of Al(VI) were 
confirmed by magic angle spinning (MAS) at various speeds (not shown) to avoid the overlap of 
sidebands with the isotropic peak. During simulation of 27Al NMR spectra, quadrupolar coupling 
(CQ), asymmetry (ηQ), and isotropic chemical shift (δiso) were considered from Shimoda et al.
154 
Shimoda et al.154 did not report the presence of Al(V) in their slag but Fernandez‐Jiménez et al.155 
did report the presence of Al(V) in their blast furnace slags. For both the slags used in this study, 
the environment of Al(V) was more distorted than was the environment of Al(IV) (CQ values in 
Table 3.6). The presence of Al(V) might be due to the presence of a small amount of aluminum 
atoms in strained five-fold coordination in the glassy gehlenite portion of both grade 100 and grade 
120 slags. However, the isotropic chemical shifts of Al(IV) and Al(V) were similar in both grade 
100 and grade 120 slags. Hence, it can be concluded that the Si and Al environment of both slags 
were similar. 
 
Figure 3.7: 27Al MAS-NMR spectra of (a, b) grade 100 slag (c, d) grade 120 slag. 
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Table 3.6: Peak position and proportion of Al(IV) and Al(V) in grade 100 and grade 120 slag. 
The effect of changing ηQ on the fitted spectra is little. Hence, ηQ  was fixed to be 0, throughout 
in all 27Al NMR spectra. Em_au (experimental multiplication in arbitrary units) is a line 
broadening (apodization) factor that can be input in DMFit software. The value was not 
calibrated, and hence it is in arbitrary units. The line broadening value in Hz is given in the “Lb 
Hz” row. 









(17.6 T)  
Speed (kHz) 10 10 14 15 
Al(IV) 
CQ (MHz) 4.30 (±) 0.1 4.3 (±) 0.1 4.30 (±) 0.4 4.30 (±) 0.4 
ηQ 0 0 0 0 
δiso (ppm)  
74 (±) 2 
ppm 
74 (±) 1 ppm 66 (±) 1 ppm 67 (±) 1 ppm 








2554 (±) 142 2273 (±) 114 2273 (±) 114 
GB/LB Lorentzian Lorentzian Lorentzian Lorentzian 
Al(V) 
CQ (MHz) 5 (±) 0.4 5 (±) 0.4 5.00 (±) 0.4 5 (±) 0.4 
ηQ  0 0 0 0 
δiso (ppm) 37 (±) 2 34 (±) 2 40 (±) 2 40 (±) 2 
Proportion (at %) 15 15 5 5 




1535 (±) 480 3073 (±) 384 3073 (±) 384 
GB/LB Lorentzian Gaussian Lorentzian Lorentzian 
 
FTIR spectra of grade 100 and grade 120 slag displayed the main band at about 860-930 
cm-1 (Figure 3.8 black and red). This main band could be ascribed to asymmetric Si-O-T (T= Si or 
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Al) stretching. FTIR of slag after SAM extraction (Figure 3.8 green) indicated no change in the 
main band. HCl extraction almost completely dissolved the slag (Table A.2). The effect of 
extractions on the Si and Al environments of slag, measured by NMR, could be found in 
APPENDIX A. Based on NMR and FTIR, SAM extraction had no effect on slag and HCl 
extraction completely dissolved the slag. The small peak at 1475 cm-1 in the spectrum of the SAM 
residue of slag corresponded to the asymmetric C-O stretching which was likely to be due to 
carbonation.70 Slag might have hydrated due to the small amount of water present in methanol and 
formed C-S-H type gels. These gels might have reacted with carbon dioxide in the atmosphere and 
produced a peak at 1475 cm-1. 
 
Figure 3.8: FTIR spectra of slag after SAM extraction (green), heat treatment (red) ,and as-














As-received grade 100 





Asymmetric Si-O-T stretch 
SAM extraction residue 
850-940 Figure 3.8 
(green) 
Asymmetric Si-O-T stretch 
1475 Asymmetric C-O stretch 
 
XRD, XRF, laser diffraction, MAS-NMR, and FTIR illustrated the minor differences in the 
physical and chemical properties of grade 100 and grade 120 slags used in this study. 
 
3.3. Fly ash 
SEM of fly ash revealed its hollow spherical particle morphology (Figure 3.9). The oxide 
composition of fly ash indicated that it was composed primarily of aluminum and silicon oxides 
(Table 3.8). However, it did not provide any phase information. XRD of fly ash indicated the 
presence of an amorphous hump at around 24° in 2θ. Additionally, quartz and mullite were the 
crystalline phases present in the fly ash used in this study (Figure 3.10). Laser diffraction indicated 
that fly ash had a bimodal particle size distribution with modes at 10 µm and 90 µm. (Figure 3.11) 
(a)  (b)  




Table 3.8: Oxide composition of Class F fly ash. 









































































































Figure 3.11: Particle size distribution of class F fly ash. 
 
The 29Si MAS-NMR spectrum of fly ash (Figure 3.12) indicated the presence of various 
Q4(mAl) (m=0 to 4) units. The peaks at -108.5 ppm and -87.5 ppm could be assigned to quartz (Q4 
units) and mullite (Q4(4Al) units), respectively. 91,44 Other peaks at -94 ppm, -99 ppm, -104 ppm, 
and -113 ppm could be ascribed to Q4(3Al), Q4(2Al), Q4(1Al), and Q4(0Al) from the glassy fly ash 
cenospheres. Fly ash from different parts of the same bucket was analyzed using 29Si MAS-NMR, 




Figure 3.12: 29Si MAS-NMR spectrum of as-received fly ash (black). Deconvolutions are in 
blue, and the fitted spectrum is in red. 
The proportion of Qn(mAl) units in glassy cenospheres listed in Table 3.9 was determined 
by dividing the area under a deconvoluted peak (blue) by the sum of the areas of all Q4(mAl) units 
belonging to the vitreous content in the fly ash. Bernal et al.91 reported that quartz and mullite in 
their fly ashes could not be quantitatively captured in their 29Si MAS-NMR spectra, due to the very 
long relaxation delays (exceeding 1 hour) associated with the Q4 and Q4(4Al) sites in quartz and 
mullite, respectively.91,156, 157 The proportion of quartz and mullite in fly ash could not be 
quantitatively captured here because of the same reason. Furthermore, as pointed out by Bernal et 






Table 3.9: Peak positions and corresponding Qn units of as-received fly ash. 
S.No Chemical shift (ppm) FWHM (Hz) Qn(mAl) Proportion (mol %) 
1 -86.2 341 Q4(4Al) - 
2 -93.3 341 Q4(3Al) 15.2 
3 -98.2 341 Q4(2Al) 23.9 
4 -103.0 341 Q4(1Al) 26.7 
5 -107.8 341 Q4(0Al) - 
6 -112.4 341 Q4(0Al) 17.4 
7 -117.7 341 Q4(0Al) 16.7 
 
27Al MAS-NMR spectra of fly ash, as shown in Figure 3.13, had a peak centered at 56 ppm 
and another peak at 2 ppm. The peak at 56 ppm corresponded to four-coordinated Al (Al(IV)) and 
the peak at 2 ppm corresponded to six-coordinated Al (Al(VI)). It was not possible to conclude if 
Al(VI) in fly ash belonged exclusively to mullite or was also incorporated in the glassy fly ash 
cenospheres in addition to being present in mullite. The environment of Al(IV) was more distorted 
than the environment of Al(VI) based on the CQ values in Table 3.10. The amount of Al(IV) was 
about 85 mol %, and the amount of Al(VI) was about 15 mol % (Table 3.10). Five-coordinated Al 
(Al(V)) was absent in the fly ash used in this study. Spinning sidebands flanked the isotropic peak 
and were separated by a distance equal to the spinning speed in Hz. During simulation of 27Al 
NMR spectra, quadrupolar coupling (CQ), asymmetry (ηQ), and isotropic chemical shifts (δiso) were 
considered from Fernández-Jiménez et al.65 Due to considerable variation in fly ashes from one 





Figure 3.13: 27Al MAS-NMR spectra of fly ash in (a) 7.05 T and (b) 17.6 T. Throughout this 
thesis, experimentally obtained spectra are indicated in black. Al(IV), Al(V) and Al(VI) 
environments are indicated in green, orange and blue, respectively. Overall fits are indicated in 
red. Spinning sidebands are marked by *. The experimentally obtained spectra, fitted spectra, 
and component curves are offset in the y-axis to improve visibility. The curve fit for the Al(VI) 
site did not correlate well with the experimentally obtained spectrum in Figure 3.13(b) because 
of the overlap of the spinning sidebands of Al(IV). 
 
Table 3.10: Peak position and proportion of Al(IV) and Al(VI) in fly ash. ηQ was fixed to be 0. 
Magnetic field strength (T) → 7.05 17.6 
Speed (kHz) 10 15 
Al(IV) 
CQ (MHz) 5.00 (±) 0.1 5.40 (±) 0.4 
δiso (ppm) 68.00 (±) 2.0 61.00 (±) 1.0 
Proportion (at %) 83 86 
Em_au 1000 (±) 100 5500 (±) 100 
Lb (Hz) 1919 (±) 192 4226 (±) 77 
GB/LB Gaussian Gaussian 
Al(VI) 
CQ (MHz) 4.00 (±) 0.2 4.50 (±) 0.5 
δiso (ppm) 10.00 (±) 2.0 6.00 (±) 1.0 
Proportion (at %) 17 14 
Em_au 1000 (±) 100 1660 (±) 200 
Lb (Hz) 1228 (±) 123 1033 (±) 125 
GB/LB Gaussian Lorentzian 
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FTIR of as-received class F fly ash (Figure 3.14 black) showed a main peak at 1027 cm-1 
that corresponded to the asymmetric stretching vibration of the Si-O-T bond (T = Si or Al in four-
fold coordination), and a faint peak at 780-790 cm-1 which corresponded to quartz.70 The difference 
in the peak positions of the main bands in the precursor was due to the differences in their 
aluminosilicate glass content.70 
FTIR spectroscopy was also performed on fly ash and its extraction residues. The position 
of the main band in the FTIR spectrum of class F fly ash did not change after selective chemical 
extractions (Figure 3.14). Puligilla et al.70 concluded that the effect of selective chemical 
extractions on their class F fly ash was minimal. Since the same fly ash was not used in this study, 
and due to the considerable variability in fly ashes, the same procedure was repeated in this study. 
The effect of selective chemical extractions on the Si and Al environments of fly ash (MAS-NMR) 
could be found in Figure A.2. The maximum difference in the proportion of Q4(mAl) units in as-
received fly ash and its extraction residue was ~ 5 mol % which was considered to be minimal. 
The weight of phases dissolved in selective extractions was also minimal Table A.2. Hence it can 
be concluded that SAM and HCl extractions (on SAM residue) had minimal effects on as-received 
fly ash. 
4000 3500 3000 2500 2000 1500 1000
 As-received class F fly ash
 SAM extraction residue










Figure 3.14: FTIR spectroscopy of fly ash and its extraction residue. 
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SEM of metakaolin reveals its platelet type morphology (Figure 3.15). 
 
Figure 3.15: SEM of metakaolin showing platelet type morphology. 
Oxide composition of metakaolins is listed in Table 3.12. The SiO2/Al2O3 mass ratio of 
metakaolins in this study lay between 1.08-1.24. Theoretically, the SiO2/Al2O3 for metakaolin 
must be 1.18, and the variation was due to the presence of quartz as well as other crystalline 
impurities in the metakaolin. 
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Table 3.12: Oxide composition of metakaolins. 












Al2O3 43.03 47.22 46.98 43.67 46.52 
SiO2 53.42 51.24 51.29 53.49 50.15 
SO3 0.07 0.04 0.03 0.06 0.05 
K2O 0.74 0.14 0.11 0.19 0.12 
TiO2 1.33 0.57 0.76 0.98 1.24 
Cr2O3 0.02 0.02 0.02 0.02 0.00 
MnO 0.01 0.01 0.00 0.00 0.00 
Fe2O3 1.33 0.38 0.40 1.24 0.32 
CuO 0.01 0.01 0.01 0.01 0.00 
ZnO 0.01 0.00 0.00 0.01 0.00 
Ga2O3 0.01 0.01 0.01 0.01 0.00 
SrO 0.00 0.00 0.00 0.01 0.01 
ZrO2 0.03 0.01 0.01 0.02 0.00 
P2O5 0.00 0.02 0.02 0.14 0.00 
CaO 0.00 0.02 0.01 0.03 0.00 
V2O5 0.00 0.09 0.11 0.15 0.00 
MgO - 0.24 0.24 - - 
 
There were no identifiable crystalline phases in Metastar 501 HP metakaolin (Figure 3.16). 
However, crystalline phases such as anatase and quartz were detected in the other metakaolins. 
EDXRF revealed that the amount of TiO2 was lower in Metastar 501 HP metakaolin when 
compared to other metakaolins. Only the poorly ordered part of metakaolin took part in the 
chemical reactions in binders. Hence, in order to gain more insight into the amorphous part, MAS-
NMR experiments were performed on all metakaolins. 
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Figure 3.16: XRD patterns of (a) Metamax, (b) Metastar 501, (c) Metastar 501 HP, (d) Argical 
M1200S, and (e) Powerpozz metakaolins. A and Q represent anatase and quartz respectively. 
 
The particle size distributions of all five metakaolins were bimodal. Metastar 501 metakaolin 





Figure 3.17: Particle size distributions of (a) Metamax, (b) Metastar 501, (c) Metastar 501 HP, 
(d) Argical M1200S, and (e) Powerpozz metakaolins. 
 
As discussed earlier, the change in the Al environment in metakaolin (after 
dehydroxylation of kaolinite) was more drastic than the change in Si environment.55 Hence, it was 
worth looking at 27Al MAS-NMR first. 27Al MAS-NMR spectra of various metakaolin sources are 
shown in Figure 3.18. A detailed discussion about the 27Al NMR spectral deconvolution method 
and associated uncertainties is included in APPENDIX E. All but one metakaolin (Metastar 501) 
showed the presence of three peaks at about 60 ppm, 35 ppm, and 0 ppm which were assigned to 
Al(IV), Al(V), and Al(VI), respectively (Table 3.13, Table 3.14). During simulation of 27Al NMR 
spectra, quadrupolar coupling (CQ), asymmetry (ηQ), and isotropic chemical shifts (δiso) were 
considered from Rocha121 and refined by fitting the same parameters using two fields. The noise 
in CQ was ~0.4 MHz. Hence, from Table 3.13 and Table 3.14, it could be concluded that the 
disorder in Al(IV) and Al(V) environments across the various commercial metakaolins were 
roughly similar. However, the Al(VI) environment of Powerpozz and Argical were much less 
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distorted than it was in the other three metakaolins. The fitted spectra were relatively unaffected 
by variations in ηQ value. Hence, it was held constant throughout. It was found that Powerpozz 
metakaolin contained the least amount of Al(VI), followed by Metastar 501 HP. However, 
Powerpozz contained more of crystalline impurities when compared to Metastar 501 HP. On the 
other hand, Metastar 501 contained the largest amount of Al(VI). Metamax and Argical M1200S 
were composed of 12 at % and 26 at % of Al(VI), respectively. Therefore, it was clear that the five 
metakaolins had different properties that were suited for different applications. 
However, in the context of alkali activation, Al(V) was the most reactive species, followed 
by Al(IV), which in turn was followed by Al(VI)9 (see and Figure B.1 and Figure B.2 in 
APPENDIX B). Hence, it is essential to choose a metakaolin that would dissolve rapidly in an 
alkaline medium (i.e., a high proportion of Al(V) and Al(IV), low proportion of Al(VI)) for an 
alkali-activated binder. Since industrial metakaolin sources were used in this study, the 
manufacturing process (design of calcining oven) would have played a role in determining the 




Figure 3.18: 27Al MAS-NMR spectra of (a, b) Argical M1200S, (c, d) Metamax, (e, f) Metastar 
501, (g, h) Metastar 501 HP, and (i, j) Powerpozz metakaolins. 
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Table 3.13: 27Al MAS-NMR fit parameters of metakaolins in 7.05 T magnetic field. A detailed 











Speed (kHz) 10 10 10 10 10 
Al(IV)  
CQ (MHz) 5.40 (±) 0.1 
5.40 (±) 
0.1 













n (at %) 
38 36 42 26 23 
Em_au  800 (±) 200 
745 (±) 
100 








2494 (±) 384 2461 (±) 224 
1487 (±) 
192 
GB/LB Gaussian Lorentzian Gaussian Gaussian Lorentzian 
Al(V)  

















n (at %) 














1247 (±) 192 
3837 (±) 
192 
GB/LB Gaussian Lorentzian Gaussian Lorentzian 
Al(VI) 
CQ (MHz) 3.60 (±) 0.1 
4.00 (±) 
0.2 
4.20 (±) 0.1 4.00 (±) 0.1 
3.00 (±) 
0.4 
δiso (ppm) 8.00 (±) 2.0 
8.00 (±) 
2.0 





n (at %) 
30 18 58 16 7 
Em_au 800 (±) 100 
1650 (±) 
400 
2050 (±) 100 1700 (±) 200 
1590 (±) 
400 
Lb (Hz) 796 (±) 99 
2026 (±) 
492 
2911 (±) 135 2333 (±) 246 
1098 (±) 
276 
GB/LB Lorentzian Lorentzian Gaussian Lorentzian Lorentzian 
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Table 3.14: 27Al MAS-NMR fit parameters of metakaolins in 17.6 T magnetic field. A detailed 










Speed (kHz) 15 14 14 13 15 
Al(IV) 






72.00 (±) 0.5 60.00 (±) 0.5 63.00 (±) 1 
relative 
proportio
n (at %) 














4136 (±) 103 3929 (±) 103 3136 (±) 90 
GB/LB Gaussian Gaussian Lorentzian Gaussian Gaussian 
Al(V) 















n (at %) 






4000 (±) 100 
4500 (±) 
100 
Lb (Hz) 3740 (±) 83 3842 (±) 77 3585 (±) 90 
4653 (±) 
103 
GB/LB Gaussian Gaussian Lorentzian Lorentzian 
Al(VI) 
CQ (MHz) 3.60 (±) 0.2 4.40 (±) 0.2 4.60 (±) 0.4 4.40 (±) 0.4 3.40 (±) 0.4  
δiso (ppm) 7.00 (±) 0.1 6.00 (±) 1.0 8.00 (±) 2.0 6.00 (±) 0.5 7.00 (±) 1.0 
relative 
proportio
n (at %) 
26 12 52 9 5 
Em_au 3500 (±) 50 
2470 (±) 
200 
3600 (±) 200 1700 (±) 100 
1200 (±) 
100 
Lb (Hz) 1394 (±) 20 1215 (±) 98 2341 (±) 130 1012 (±) 60 426 (±) 36 
GB/LB Lorentzian Lorentzian Gaussian Lorentzian Lorentzian 
 
The 29Si chemical shifts of the metakaolin sources (Metastar 501, Metastar 501 HP and 
Metamax) were different because the degree of change in the Al environments was different in 
each commercial metakaolin (on dehydroxylation). 29Si MAS-NMR spectra of Metastar 501 and 
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Metastar 501 HP metakaolins displayed in Figure 3.19 and Table 3.15 had one peak each at -102.1 
ppm and -109.5 ppm, respectively. Both of these peaks could be assigned to Q4(1Al) units. The 
central Q unit in metakaolin is attached to three other Q units forming a sheet-like structure, and 
the fourth oxygen of the central Q unit is attached to an aluminum atom.96,9 The 29Si MAS-NMR 
spectrum of Metamax metakaolin could be deconvoluted using two Gaussian curves. It was not 
possible to deconvolute the 29Si NMR spectrum with one curve. Chen deconvoluted the 29Si MAS-
NMR spectrum of Metamax metakaolin into two Gaussian curves having chemical shifts at -92.7 
and -107 ppm.158 The Gaussian curves were tentatively assigned to Q4(2Al) and Q4(0Al), 
respectively.158 The same tentative assignments were given for the two peaks in this study, and it 




Figure 3.19: 29Si MAS-NMR spectra of (a) Metastar 501 and (b) Metastar 501 HP metakaolin 
showing a peak at -109.5 ppm. 
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-102.1 1311 Q4(1Al) 100 
Metamax -92.7 1036 Q4(2Al) 25.66 




Figure 3.20: FTIR spectroscopy of various commercial metakaolins. 
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Table 3.16: Summary of interpretation of FTIR spectra of precursors in Figure 3.20.159, 160 
Spectrum Peak position 
(cm-1) 
Interpretation 
Metastar 501 HP 
metakaolin 
1170 (bs) Asymmetric Si-O-Si stretch of metakaolin 
1065 Asymmetric Si-O-Al stretch of metakaolin 




1186 (bs) Asymmetric Si-O-Si stretch of metakaolin 
1076 Asymmetric Si-O-T stretch of metakaolin (main 
band) 




1174 (bs) Asymmetric Si-O-Si stretch of metakaolin 
1070 Asymmetric Si-O-T stretch of metakaolin (main 
band) 




1184 (bs) Asymmetric Si-O-Si stretch of metakaolin 
1075 Asymmetric Si-O-T stretch of metakaolin (main 
band) 
800 O-Al-O bending vibrations of AlO4
- tetrahedra 
Argical M1200 S 
metakaolin 
1167 (bs) Asymmetric Si-O-Si stretch of metakaolin 
1054 Asymmetric Si-O-T stretch of metakaolin (main 
band) 




The physical and chemical properties of precursors were studied using XRD, EDXRF, laser 
diffraction, FTIR and MAS-NMR spectroscopy. Minor differences (less than 3.5 wt %) in the 
chemical compositions were found in the oxide compositions of the slags, determined through 
EDXRF. The center of the amorphous humps was different in the two slags indicating that the 
local structure of the glass may have been different. The Si and Al environments of slags were 
similar. Interestingly, both slags contained a small amount of Al(V). There were some faint 
crystalline peaks in grade 100 slag but not in grade 120 slag. Grade 120 slag had a slightly smaller 
69 
 
particle size (mode) when compared to grade 100 slag. Overall, there were minor differences in 
the physical and chemical properties of grade 100 and grade 120 slags used in this study. However, 
there were significant differences in the metakaolins. XRD revealed that some metakaolins 
contained a significant amount of crystalline phases while other metakaolins contained little or no 
crystalline phases. There were minor differences in the particle size distribution and oxide 
composition. The most important and significant difference was in the proportion of Al(IV), Al(V) 
and Al(VI) in various commercial metakaolins. The reason for this was probably due to the varying 
thermal schedule and vapor pressure of water above the kaolinite during calcination. Practically, 





CHAPTER 4.  SETTING IN SLAG-FLY ASH BINDERS 
 
4.1. Origin of soft gel hypothesis from ultrasonic wave reflectometry and penetration tests 
Puligilla et al.36, 70 reported that hardening in potassium silicate activated SFB was initiated 
by the precipitation of C-(A)-S-H gel. The standardized tests used for determining the set time in 
cementitious materials are penetration resistance tests. One such test is the ASTM C403 
penetration test method in which the stress experienced by a needle penetrating mortars is 
monitored with time.161 The penetration test was developed for mortars sieved from concrete. This 
method was later extended to Portland cement by Chung et al.133 For the remainder of this chapter 
the modified ASTM C403 penetration test method will be referred to as the penetration test. The 
penetration test is well-understood, simple, inexpensive, and easy to use.161 However, it is also 
laborious, time consuming, and does not give a continuous data output.161 
Since the penetration test has some drawbacks, shear wave ultrasonic wave reflectometry 
(SUWR) was used, in addition to the penetration test to study the set time of SFB.124 UWR 
provides continuous monitoring and detects if a solid percolating network has formed (gelation), 
while the penetration test measures the stress on the needle penetrating the SFB paste as it hardens 
(gel strength).124, 161 Previous papers dealing with set time measurements using these two methods 
on a variety of cementitious materials showed good correlation in some types of binders but bad 
correlation in other types of binders.122, 124 A bad correlation in the set time measured by the two 
methods implies that if a solid percolating network is formed in a binder, it does not necessarily 
mean that the binder has gel strength. Hence, using these two complementary methods helps to 
understand the setting in SFB. Conclusions derived from these two methods also help in 






Figure 4.1:  Normalized reflection coefficient (s-wave UWR shown in black) and penetration 
resistance (blue) vs time for (a) Mix 0.18 (b) Mix 0.33 (c) Mix 1.00. 
 
Table 4.1: Initial and final set time as predicted by UWR and penetration tests. The maximum 
difference in initial and final set times on repeating the same experiment was ~5 minutes.  
Mix Set time predicted by SUWR Set time predicted by ASTM C403 
  Initial set (min) Final set (min) Initial set (min) Final set (min) 
0.18 45 203 146 217 
0.33 28 87 111 155 
1.00 6 19 68 84 
 
The SUWR curves for SFB were interpreted using the procedure adopted by Puligilla et 
al.89 The onset of hardening could be defined as the point at which the s-wave reflection curve 
deviated from the initial slope of a linear fit line, and started to drop rapidly for the first time. This 
point was the initial set point. Each UWR experiment was repeated at least twice, and a maximum 
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variation of about ±5 minutes in the set time was observed. The rapid change in the curve indicated 
the initiation of microstructural development. When the UWR curves showed a change in the slope 
a second time, it indicated that the hardening rate had slowed down. The point corresponding to 
this slope change was the final set point. In Figure 4.1, there are two regions where the slope 
changes. These two regions can be found by calculating the second derivative of the s-wave 
reflection coefficient vs. time curves and smoothing it, which is not shown. By fitting straight lines 
through a least squares fitting approach and extrapolating the lines until intersection, the initial and 
the final set times can be estimated by UWR (Figure 4.1).89 
As seen in Figure 4.1, the s-wave reflectance coefficient curves decreased as a function of 
time as the binder underwent setting. SUWR was performed on three binder mixtures, namely, 
mix 0.18, mix 0.33, and mix 1.00. In mix 0.18, a drop in the reflection coefficient was observed 
within the first 20 minutes (Figure 4.1(a)). This initial drop could have been due to the re-
flocculation of fly ash particles after the mixing ended.89 As the slag/fly ash ratio increased, this 
drop was no longer observed (Figure 4.1(b) and (c)). The absence of this initial drop might be 
because of the lower number of fly ash particles in mix 0.33 and mix 1.00, when compared to mix 
0.18. Furthermore, the onset of hardening, induced early on by the increased slag content, might 
have coincided with the re-flocculation of fly ash particles. As a result, it was hard to observe the 
re-flocculation of fly ash particles separately in mix 0.33 and mix 1.00. As the slag/fly ash ratio 
increased, the drop in the reflection coefficient became more rapid. This fast drop indicated that 
the formation of a solid percolating network (gelation) was more rapid as the slag/fly ash ratio 
increased. 
Interestingly, as the slag/fly ash ratio increased, the initial and the final set times 
determined by the penetration test and by SUWR moved further apart. The difference in set times 
predicted by the two methods was consistent through many repetitions of the same experiment 
which are not shown in Figure 4.1. The reason for the differences in set times predicted by SUWR 
and the penetration test can be attributed to the fact that the SUWR measured set time-based on 
percolation of solids, while the penetration test measured set time based on penetration resistance 
as experienced by a needle. Hence, it can be hypothesized that a soft gel was formed in the SFB 
mixtures used in this study. The soft gel is a term used to describe a substance with a solid 
percolating network that could not bear any load. The amount of soft gel increased with increasing 
Ca (as the curves moved further apart when the slag/fly ash ratio increased, and slag was the 
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primary source of Ca), and it eventually hardened. The existence of a soft gel has been 
hypothesized before by Suraneni et al.124 in some binders. However, the structure of the soft gel 
was not probed in any of the cementitious materials in previous literature. Furthermore, there 
tended to be a reasonable agreement in the set times predicted by these two methods for potassium 
silicate activated SFB mixtures developed by Puligilla et al.89 However, the raw materials and mix 
design used in the study by Puligilla et al.89 were different from this thesis. Specifically, the binders 
probed in this study were rich in slag.  
The structure of the soft gel in mix 1.00 was probed by selective chemical extractions, 29Si 
MAS-NMR and FTIR. Among all the binder mixtures tested in this study, mix 1.00 had the highest 
discrepancy in set times as predicted by the two methods. The soft gel in mix 1.00 was stable at 
30 minutes, so the reaction had to be stopped then because the sample should not change (or react) 
while gathering 29Si MAS-NMR data. Quantitative 29Si MAS-NMR experiments required at least 
17 hours of data gathering for a spectrum with sufficiently high signal to noise ratio. The procedure 
for suspending the reaction (adapted from Chen et al.134) took some time (around 30 minutes or 
less) to be performed, and the soft gel in mix 1.00 was stable for that time period (30-60 minutes 
after mixing the binder). 
 
4.2. FTIR Spectroscopy 
FTIR spectroscopy was performed on Mix 1.00 immediately after stopping the reaction as 
described in section 2.8.1.134 Sodium silicate and water were extracted from Mix 1.00 at 30 
minutes, using the combined extraction procedure. This procedure was found to suspend the 
reaction for at least one week for Ca- containing mixes in which C-S-H and geopolymer 
coexisted.134 Reverification of the extraction procedure was critical in this study to validate the 
29Si MAS-NMR data. 
The FTIR spectrum of Mix 1.00 immediately after the reaction suspension is displayed in 
Figure 4.2 (solid black). This spectrum displayed the main band at 988 cm-1 that corresponded to 
the Si-O-T asymmetric stretching of the silicate units present in Mix 1.00 at 30 minutes. The 
spectrum of Mix 1.00, 6 days after the reaction suspension (Figure 4.2 dashed line) indicated no 
change in the position of the main band. Furthermore, adding methanol to the centrifugation liquid 
precipitated silica gel. This visual check for extracting soluble silicate species from the binder was 
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a part of the reaction suspension protocol. Due to these two reasons, it could be concluded that 
soluble silicate species were successfully extracted.  
FTIR was also performed on Mix 1.00 at 35, 40, 45, and 60 minutes without combined 
extraction because FTIR scans required 1 minute or less to gather (Figure 4.2 (orange, blue, green, 
and red spectra)). The broad peaks at 3318 cm-1 and 1644 cm-1 in Figure 4.2 were due to stretching 
of -OH groups and scissoring of H2O molecules, respectively. The absence of these two peaks in 
the FTIR spectra of Mix 1.00 after combined extraction confirmed that water was successfully 
extracted from the system (Figure 4.2 (solid and dotted black)). Therefore, it can be concluded that 
the reaction had been successfully stopped in Mix 1.00 at RT 30 minutes. The position of the main 
band was different in the spectra of Mix 1.00 without reaction suspension due to a combination of 
two reasons. One was the presence of sodium silicate solution in samples without reaction 
suspension. As-received sodium silicate solution had a main peak at 975 cm-1 (Figure 3.2). The 
other was due to the partial substitution of SiO4 tetrahedra by AlO4
- tetrahedra during the reaction. 
The Si-O-T bond angle reduced when Al substituted for Si, and the bond force constant of Si-O-






Figure 4.2: FTIR spectra of Mix 1.00 without reaction suspension are shown in color at 35 
minutes (orange), 40 minutes (green), 45 minutes (blue), and 60 minutes (red). FTIR spectra of 
Mix 1.00 RT 30 minutes immediately after reaction suspension is shown in solid black. Mix 1.00 
RT 30 minutes 6 days after the reaction suspension is denoted by the dashed black line. 
 
FTIR spectra were gathered from Mix 1.00 at RT 30 minutes, as well as its SAM and HCl 
extraction residues. The main band of the SAM residue spectrum was at 1043 cm-1 (Figure 4.3(a) 
(green) and corresponded to the Si-O-T asymmetric stretching of modified fly ash. The position 
of this main band was at a slightly higher wavenumber when compared to the main band of as-
received fly ash (Figure 3.14). The change in the position of the main band was because the 
alkaline sodium silicate solution might have dissolved Al from the fly ash. The SAM residue 
spectrum also had a broad shoulder at 860-940 cm-1 which corresponded to Si-O-T asymmetric 
stretching of unreacted slag.70  
The spectrum of HCl extraction residue (Figure 4.3a (red)) displayed a main band at 1059 
cm-1, a shoulder at 948 cm-1 and a peak at 787 cm-1. The main band was attributed to the Si-O-T 
asymmetric stretching of the unreacted portion of fly ash cenospheres. The main band of unreacted 
fly ash had shifted to a higher wavenumber when compared to the main band of as-received fly 
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ash, because of the dissolution of aluminum from fly ash.163 The peak at 787 cm-1 (Figure 4.3(a) 
(red)) could be ascribed to quartz which was present in fly ash.70, 142  
The FTIR spectrum of the phases dissolved in SAM extraction (Figure 4.3(b) (blue)) could 
be obtained by subtracting the SAM residue spectrum (Figure 4.3(a) (green)) from the spectrum 
of Mix 1.00 at 30 minutes (Figure 4.3(a) (black)) (after suspending the reaction). The spectrum of 
the phases dissolved during SAM extraction (Figure 4.3(b) (blue)) displayed a main band at 980 
cm-1. The main band could be ascribed to the Si-O stretching vibrations of the Q2 tetrahedra of the 
C-N-S-H gel.164 The broad shoulder at 1100 cm-1 was due to the Si-O asymmetric stretching that 
was associated with Q3 sites in C-N-S-H gel.70, 164–166 The presence of this broad shoulder 
suggested dissolution of a product which was rich in silica and which might have taken up some 
Na+ and Ca2+ cations.70, 165 29Si NMR provided direct evidence for the presence of the Q2 and Q3 
units and indirect evidence for charge balancing cations in the C-N-S-H gel (Figure 4.5 and Table 
4.3). The shoulder at 866 cm-1 (Figure 4.3(b) (blue)) was due to asymmetric vibration of isolated 
Q0 units.167 The spectrum of phases dissolved in SAM in Mix 1.00 at RT 28 days is displayed in 
red (Figure 4.3(b)). The main band of this spectrum (950 cm-1) has shifted to a lower frequency 
than the main band of Figure 4.3(b) blue. The shift of the main band to a lower frequency at later 
ages indicated that the product phase at 28 day age was rich in Al. That is, Al was incorporated 
into the C-N-S-H gel with time giving rise to C-N-A-S-H gel. Moreover, the shoulder 
corresponding to Q0 units decreased in intensity indicating that the proportion of orthosilicate units 
was lower at RT 28 days than RT 30 minutes. 29Si MAS-NMR also indicated the presence of C-
N-S-H gel at 30 minutes and C-N-A-S-H gel at 28 days (Table 4.3).168 29Si MAS-NMR confirmed 
the lower proportion of orthosilicate Q0 units. The mass lost during SAM extraction of Mix 1.00 
at 30 minutes was 21.1 wt % whereas the mass lost at 28 days was 33.4 wt %. The fact that more 
mass was dissolved in SAM at later ages indicated that the C-N-A-S-H gel formation was not 
complete at 30 minutes. 
The FTIR spectrum of the phases dissolved in HCl extraction (Figure 4.3(b) (orange)) was 
obtained by subtracting the HCl residue spectrum (Figure 4.3(a) (red)) from the SAM residue 
spectrum (Figure 4.3(a) (green)). The spectrum of the phases dissolved in HCl extraction displayed 
a broad shoulder at 990-1030 cm-1 and another broad shoulder at 860-940 cm-1 which could be 
ascribed to geopolymer and unreacted slag, respectively.70 The FTIR spectrum of geopolymer 
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usually lies in between 1200 cm-1 and 950 cm-1, depending on the incorporation of Al.70, 98, 162, 169–
172 The interpretation of all the FTIR spectra is summarized in Table 4.2. 
 
(a)   
 (b)  
Figure 4.3: (a) FTIR spectra of Mix 1.00 RT cured for 30 minutes and suspending the reaction 
(black), SAM extraction residue of Mix 1.00 RT cured for 30 minutes (green), and HCl extraction 
residue of SAM residue (red). (b) On spectral subtraction, the phases dissolved in SAM (blue) and 
HCl extractions (orange) could be obtained. The red spectrum in (b) is the spectrum of phases 
dissolved in SAM for Mix 1.00 at RT 28 days without reaction stoppage. 
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4.3. 29Si MAS-NMR  
The NMR spectra (after processing) of mix 1.00 RT 30 minutes and its extraction residues 
are displayed in Figure 4.4. The spectrum of the binder is shown in black, the spectrum of the 
SAM extraction residue is in green, and the spectrum of the HCl extraction residue is in red. The 
three abovementioned spectra were experimentally obtained and processed. The spectrum of the 
phases dissolved in SAM extraction (blue) was obtained by subtracting the SAM residue spectrum 
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from the binder spectrum. The spectrum of the phases dissolved in HCl extraction (orange) was 
obtained by subtracting the HCl residue spectrum from the binder spectrum. From previous 
literature dealing with MAS-NMR of geopolymers, it could be inferred that geopolymers do not 
have a 29Si MAS-NMR spectral signature upfield of -110 ppm.122, 173 Hence, only unreacted fly 
ash contributed to the spectra upfield of -110 ppm. Since the mass of unreacted fly ash remained 
constant in the binder and the extraction residues, the three experimental spectra were scaled so 
that their heights were equal at -110 ppm. In short, the unreacted portion of fly ash served as an 
internal standard in this method. The reason for performing HCl extraction on the SAM residue of 
binder rather than on the binder itself was because of the precipitation of silica gel from C-S-H. 
Silica gel might have interfered with scaling and spectral subtraction. Despite conducting each of 
the 29Si experiments for ~17 hours, the signal to noise ratio was relatively low in Figure 4.4. 
 
Figure 4.4: 29Si MAS-NMR spectra of Mix 1.00 RT cured for 30 minutes and then suspending 
reaction (black), SAM extraction residue of Mix 1.00 RT cured for 30 minutes (green), and HCl 
extraction residue SAM residue (red). After spectral subtraction, the phases dissolved in SAM 
(blue), and HCl extractions could be obtained (orange). Note that the y-axes of the stacked 
spectra are not to scale. 
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From Figure 4.5 and Table 4.3, it was clear that the phases dissolved in SAM extraction 
were C-N-S-H gel and Q0 units. The region belonging to Q0 (-60 to -70 ppm) and Q1 (-70 to -80 
ppm) could be assigned to two Gaussian peaks for each region. The different environments within 
the same Q unit were probably caused by the various cations (H+, Na+, and Ca2+) present for charge 
balance, and this resulted in slightly different chemical shifts.91, 174 However, 29Si MAS-NMR only 
provided information about the Si environment, and so it was hard to find which cation produced 
the specific chemical shift. Hence, the Q0 and Q1 regions were deconvoluted using two peaks each, 
namely Q0a, Q0b, Q1a, and Q1b.91, 174 It is important to note that the proportion of orthosilicate (Q0) 
units was very high (25 mol % of phases dissolved in SAM, 10 mol % of mix 1.00 at 30 minutes) 
and the proportion of C-N-S-H gel was low (30 mol % at 30 minutes) in mix 1.00 at 30 minutes. 
In comparison, the proportion of Q0 units in mix 1.00 at 28 days was 6 mol % of the binder (Table 
5.6). More importantly, the proportion of C-N-A-S-H gel in mix 1.00 at 28 days was 54 mol % of 
the binder (Table 5.6). While the proportion of Q0 units in mix 0.33 was also 10 mol %, the 
proportion of C-N-A-S-H gel was 42 mol % of the binder (Table 5.6). In other words, the soft gel 
in mix 1.00 could not bear load mainly because the C-N-A-S-H gel formation was incomplete. To 
a lesser degree, it was because of a relatively high proportion of orthosilicate (Q0) units. 
 




Table 4.3: Peak positions and corresponding Qn(mAl) units of phases in Mix 1.00 dissolved in 
SAM extraction. Values in parentheses exclude Q0 units for mean chain length (MCL) 
calculations. The presence of Q3(1Al) units at 1 day cure time suggested Al substitution. 
Superscripts a and b denote varying chemical shifts due to charge balancing cations in the 




for Mix 1.00 
Chemical shift 
(ppm) 
FWHM (ppm) Qn(mAl) Proportion (Si, mol 
%) 
30 minutes -62.1 455 Q0a 9.0 (0.0) 
-68.5 450 Q0b 15.9 (0.0) 
-74.2 460 Q1a 22.9 (30.4) 
-79.2 440 Q1b 18.6 (24.7) 
-85.1 430 Q2 16.8 (22.4) 
-91.9 440 Q3 16.9 (22.5) 
1 day 
-70.0 310 Q0 7.4 (0.00) 
-74.5 330 Q1a 22.6 (24.4) 
-79.5 350 Q1b 30.9 (33.3) 
-84.2 342 Q2B 24.7 (26.6) 
-90.0 284 Q3(1Al) 14.5 (15.6) 
 
Since sodium silicate was extracted from the mixture, the source of Q0 units was likely to 
be slag. Regourd et al.175 reported that slag dissolution was incongruent at initial stages of 
hydration. Phases rich in Ca and Al tended to go into solution at the early stages. From the same 
paper, it could also be inferred that lower Qn (n=0,1) units tended to dissolve earlier. However, at 
later stages, slag dissolution could be considered congruent.176–178 Q3(1Al) units were absent in 
Mix 1.00 at 30 minutes when compared to later ages as seen in Table 5.3. The absence of Q3(mAl) 
units suggested that Al incorporation had not started in Mix 1.00 at 30 minutes. The absence of Al 
could be attributed to the rate of Ca dissolution being higher than the rate of Al dissolution in slag 
at early ages.179 As the pH of the system decreased, the incorporation of Al was probably enhanced 
in the system.180–183   
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The mean chain length of C-S-H was calculated according to the following formula:184 
Mean chain length (MCL) =
2
Q1a + Q1b




Using Eq. (7) and Table 4.3 (excluding Q0 units and assuming that they did not form part of the C-
N-S-H gel structure), the mean chain length (MCL) for the soft gel was ~3.6. Although the 
presence of Q0 in C-S-H type gels was unusual, the possibility of Q0 units being present as an 
isolated unit in the same CaO sheet containing Q1, Q2 and Q3 units in Figure 4.6 could not be 
discounted. The high proportion of Q1 units was the reason for the short MCL. The short MCL 
indicated that the (Ca+Na)/Si atom ratio in the C-N-S-H was probably high. 168  
Hence, using the information from MAS-NMR and FTIR, it is possible to make some 
important conclusions about the structure of the soft gel. The soft gel was a nascent C-N-S-H gel 
with discrete orthosilicate units (Q0). The cross-linking in the C-N-S-H gel appeared to be provided 
only by Q3 units. The proportion of Q0  units decreased with time, and Al was incorporated at later 
ages. The proportion of C-N-S-H gel and Q0 units was lower at 30 minutes when compared to later 
ages. The structure of the soft gel is as illustrated in Figure 4.6 (using the information gathered 
from Figure 4.5 and Table 4.3). 
In summary, the nascent C-N-S-H gel precipitated at early ages formed a solid percolating 
network but was not strong enough to provide mechanical resistance to the penetrating needle. The 
reaction proceeded as time progressed, resulting in an increased amount of C-N-A-S-H gel and a 
decreased amount of Q0 units (Table 4.3). The increased proportion of C-N-A-S-H gel led to 
increased penetration resistance. The formation of a nascent C-N-S-H gel with excess Q0 units at 
early ages could be the reason for the discrepancy in the set time measured by both methods. The 
fact that gelation does not immediately result in gel strength is essential to consider when framing 






Figure 4.6: Schematic of soft gel based on 29Si MAS-NMR. Filled and empty circles represent 
charge balancing cations. Triangles represent silicate tetrahedra. Rectangles represent non-
crystalline CaO sheets. The possibility of Q0 units being part of the same chain as the Q1, Q2 and 
Q3 units could not be discounted. 
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Although the 29Si MAS-NMR spectrum of phases dissolved in HCl extraction was noisy, 
it revealed the presence of unreacted slag and a small amount of geopolymer (Figure 4.7 and Table 
4.4). 
 
Figure 4.7: Deconvoluted 29Si MAS-NMR spectrum consisting of phases dissolved in HCl 
extraction. 
Table 4.4: Peak positions and corresponding Qn(mAl) units of phases dissolved in HCl 
extraction. 
S.No Chemical shift (ppm) 
FWHM 
(Hz) 
Qn(mAl) Proportion (mol %) 
1 -72.27 1072 Q1 and Q2(2Al) 72 
2 -87.61 310 Q4(4Al) 3 
3 -91.98 330 Q4(3Al) 6 
4 -96.42 341 Q4(2Al) 9 
5 -100.68 330 Q4(1Al) 6 




Setting in SFB was monitored through two complementary methods, namely SUWR and 
penetration testing. SUWR measured set times based on when a solid percolating network was 
formed, whereas, penetration testing measured set times based on resistance to a penetrating needle 
that is an indication of gel strength. In the SFB mixtures analyzed in this study, there were 
discrepancies in setting times measured by these two methods. These discrepancies increased with 
an increase in the slag/fly ash ratio. The reason for the discrepancy was due to the presence of a 
soft gel that was formed as a product and had a solid percolating network, but no gel strength. This 
soft gel eventually gained strength and hardened. FTIR and 29Si MAS-NMR spectroscopy were 
performed on Mix 1.00 at 30 minutes, and its extraction residues in order to probe the structure of 
the soft gel. The soft gel was composed of a nascent C-N-S-H gel and a relatively high proportion 
of orthosilicate units. The C-N-S-H gel had no detectable Al incorporation and had a short mean 
chain length. It was also found that Al was incorporated into C-N-S-H gel at later ages (i.e., RT 1 




CHAPTER 5.  PROPERTIES OF HARDENED BINDERS 
 
5.1. SEM of binders after hardening 
The microstructure of hardened binders cured at 7 days in room temperature indicated that the 
amount of product phase(s) in between the fly ash cenospheres increased with the slag/fly ash ratio 
(Figure 5.1). The increased amount of product phases probably helped improve the compressive 
and flexural strengths. Table 5.1 and 5.3 indicates that the compressive and flexural strengths had 
a positive correlation with the slag/fly ash ratio. SEM also confirmed that the fly ash cenospheres 
did not fully dissolve as seen in Figure 5.1. However, as seen in chapter 4, glassy fly ash 
cenospheres were not inert but partially dissolved in the alkali silicate solution. 
 
Figure 5.1: Binder mixtures with increasing slag/fly ash ratio after 7 days ambient-curing (a) Mix 
0 (b) Mix 0.18 (c) Mix 0.33 (d) Mix 1.00. None of the samples were polished. 
SEM-EDS indicated the presence of unreacted slag in some mixtures. Slag has an angular 
morphology in the microstructure (Figure 5.2). The amount of unreacted slag increased with the 
increase in slag/fly ash ratio which was evidenced by NMR and FTIR. SEM, EDS or XRD could 
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not confirm the existence of geopolymer and C-S-H. Hence, NMR and FTIR were crucial in 
identifying the poorly ordered phases.  
 
Figure 5.2: SEM micrographs showing unreacted slag with its angular morphology. The sample 
was polished. 
 
5.2. XRD of binders 
XRD of binder mixtures showed that new crystalline phases (like zeolites) were not formed up 
to 28 days of curing as indicated in Figure 5.3 and Figure 5.4. Similar observations were presented 
by Davidovits et al.11 In comparing the diffractograms of as-received fly ash (Figure 3.10(a)) with 
Mix 0.33 (Figure 5.3(d)), it could be observed that the amorphous hump shifted from ~22o to ~28o 
2θ. The shift in the amorphous hump suggested the presence of some additional new amorphous 





Figure 5.3: 28-day old binders with increasing slag/fly ash ratio from (a)-(f) showing the same 
crystalline phases present in as-received fly ash. (a) GP Mix 0 (b) Mix 0.18 (c) Mix 0.25 (d) Mix 




Figure 5.4: XRD of binder mix 0.18 after sealed ambient curing showing the absence of new 
crystalline phase formation (a) RT 1 day (b) RT 3 days (c) RT 7 days (d) RT 14 days (e) RT  28 
days (f) 50 °C 3 days. Q = quartz, M= mullite. 
 
5.3. Compressive and flexural strength 
Compressive and flexural strengths (Table 5.1 and 5.2) of binder cylinders exhibited 
significant strength development over time for all slag-fly ash binder mixtures. Mix 1.00 which 
cured at room temperature for 28 days was the strongest, with a compressive strength of 60 ± 8 
MPa and flexural strength 5.7 ± 1.5 MPa. Mix 0, was the weakest mixture and took at least 7 days 
to harden at room temperature. However, when the temperature was increased to 50 °C, Mix 0 
hardened within 24 hours. The slag/fly ash ratio had a positive correlation with strength 
development. The compressive and flexural strengths at the end of 28 days increased as the amount 
of slag content increased in the mix. Water content impacted the workability and strength of the 
binder mixture. There was an increase in compressive strength as the added water amount was 
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halved (the water content in sodium silicate remained constant), but there was a decrease in the 
workability of the binder. When the added water amount was increased by 50 % there was a 
decrease in compressive strength and an increase in workability was observed. 
 
Table 5.1: Compressive strength of binders. 















0 (RT 3d) 
Did not harden 
0 (RT 7d) 
0 (RT 14d) 2 3 3 1.3 (2.2, 3.4) 
0 (RT 28d) 2 7 7 3.1 (5.1, 8.3) 
0 (50 °C 3d) 3 5 4 1.4 (3.3, 5.0) 
0.18 (RT 3d) 4 10 9 2.6 (8.1, 10.0) 
0.18 (RT 7d) 3 16 15 4.7 (12.5, 17.5) 
0.18 (RT 14d) 4 21 19 4.8 (16.7,22.0) 
0.18 (RT 28d) 4 31 28 7.3 (24.3, 32.2) 
0.18 (50 °C 3d) 7 16 15 2.4 (13.4, 16.1) 
0.25 (RT 3d) 6 9 9 1.8 (7.7, 9.8) 
0.25 (RT 7d) 3 16 15 5.1 (12.3, 17.5) 
0.25 (RT 14d) 4 28 25 7.6 (21.6, 30.0) 
0.25 (RT 28d) 6 26 24 4.7 (21.9, 27.4) 
0.25 (50 °C 3d) 4 22 20 6.2 (16.9, 22.6) 
0.33 (RT 3d) 6 14 13 2.6 (11.6, 14.7) 
0.33 (RT 7d) 3 26 24 8.7 (19.1, 28.8) 
0.33 (RT 14d) 3 27 24 8.1 (19.8, 29.7) 
0.33 (RT 28d) 2 31 28 13.9 (19.9, 38.0) 
0.33 (50 °C 3d) 5 28 25 5.4 (21.9, 29.4) 




















1.0 (RT 7d) 4 52 47 14.4 (37.5, 57.5) 
1.0 (RT 14d) 6 47 44 8 (39.0, 49.1) 
1.0 (RT 28d) 9 63 60 8.1 (55.8, 65.1) 
1.0 (50 °C 3d) 6 51 47 9.8 (41.1, 53.4) 
150 % H2O 0.33 (RT 
3d) 
6 14 13 2.4 (11.9, 15.4) 
150 % H2O 0.33 (RT 
7d) 
2 12 11 6.8 (7.1, 14.4) 
150 % H2O 0.33 (RT 
14d) 
4 16 15 4 (12.5, 17.1) 
150 % H2O 0.33 (RT 
28d) 
4 21 19 5.5 (16.4, 23.0) 
150 % H2O 0.33 (50 
°C 3d) 
6 23 21 3.9 (19.4, 23.4) 
50 % H2O 0.33 (RT 
3d) 
6 17 16 2.9 (13.9, 17.9) 
50 % H2O 0.33 (RT 
7d) 
5 23 21 5.3 (17.3, 24.8) 
50 % H2O 0.33 (RT 
14d) 
3 31 28 9.7 (23.2, 33.2) 
50 % H2O 0.33 (RT 
28d) 
9 44 42 5.5 (38.4, 45.4) 
50 % H2O 0.33 (50 
°C 3d) 




Table 5.2: Flexural strength of binders. 
















0 (RT 3d) 
Did not harden 
0 (RT 7d) 
0 (RT 14d) 4.4 1.3 1.1 0.3 (1.04, 1.25) 
0 (RT 28d) 6.8 2.2 2.1 0.4 (1.86, 2.28) 
0.18 (RT 3d) 2.6 2.0 1.8 0.7 (1.43, 2.11) 
0.18 (RT 7d) 4.0 2.5 2.3 0.6 (1.97, 2.67) 
0.18 (RT 14d) 3.9 3.3 3.0 0.9 (2.56, 3.48) 
0.18 (RT 28d) 4.1 3.2 2.9 0.8 (2.47, 3.44) 
0.25 (RT 3d) 4.8 2.3 2.1 0.5 (1.86, 2.44) 
0.25 (RT 7d) 4.0 2.6 2.4 0.7 (2.03, 2.73) 
0.25 (RT 14d) 6.3 3.5 3.3 0.6 (2.93, 3.63) 
0.25 (RT 28d) 5.7 3.8 3.6 0.7 (3.15, 4.00) 
0.33 (RT 3d) 2.8 1.6 1.5 0.6 (1.18, 1.79) 
0.33 (RT 7d) 3.1 2.6 2.3 0.8 (1.99, 2.70) 
0.33 (RT 14d) 4.2 4.7 4.3 1.1 (3.81, 4.78) 
0.33 (RT 28d) 3.7 5.4 4.8 1.5 (4.09, 5.71) 
1.0 (RT 3d) 1.6 2.4 2.2 1.4 (1.37, 3.22) 
1.0 (RT 7d) 3.8 1.7 1.6 0.5 (1.31, 1.83) 
1.0 (RT 14d) 5.2 2.5 2.3 0.5 (2.06, 2.61) 
1.0 (RT 28d) 4.4 6.2 5.7 1.5 (5.06, 6.39) 
 
5.4. Analysis of poorly ordered phases in binders after setting 
29Si MAS-NMR spectra of the binder (black), SAM residue (green), and HCl residue (red) 
were processed using the same parameters (line broadening and zero filling). The experimentally 
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obtained spectra were normalized using the same method as discussed in chapter 4. The three 
spectra were then overlaid as displayed in the first column of Figure 5.5-Figure 5.8. 
SAM extraction dissolved very little slag, fly ash, and geopolymer. FTIR and MAS-NMR 
spectra of SAM residues of as-received slag, as-received fly ash, and Na-geopolymer of the 
stoichiometry Na2O.Al2O3.4SiO2.11H2O (early age and mature) were collected. The spectra 
exhibited little or no change when compared to starting materials (detailed discussion in 
APPENDIX A). Hence, the effect of SAM extraction on slag, fly ash and geopolymer could be 
considered to be minimal. 
On the other hand, HCl extraction completely dissolved slag and geopolymer but dissolved 
very little fly ash (Table A.2) and metakaolin.158 FTIR and MAS-NMR spectra of HCl extraction 
residue of fly ash exhibited little or no change when compared to as-received fly ash (Figure 3.14 
and Figure A.2).127 The dissolution of slag and fly ash can be considered as congruent for the 
conditions used in this study.176–178 Granizo et al.185 reported that the dissolution of metakaolin is 
incongruent at very early ages followed by congruent dissolution. Since the slag-metakaolin 
binders (SMKB) used in this study were analyzed only at 28-day RT cure conditions, the 
dissolution of metakaolin could be considered to be congruent at those time scales. 
As mentioned earlier, by subtracting the SAM residue spectrum from the binder spectrum,  the 
spectrum of phases dissolved in SAM extraction was obtained (i.e., subtraction of green from black 
spectra in column 1 yields column 2 in Figure 5.5-Figure 5.8). This spectrum was deconvoluted, 
and Qn(mAl) units were assigned to the deconvoluted peaks (Table 5.3). A detailed discussion of 
error in spectral subtraction and deconvolution is in APPENDIX E.  
The spectra of the phases dissolved in SAM were deconvoluted using Gaussian peaks (Table 
5.3). Q0 units were present in hardened binders even at 28 days. The source of Q0 units might be 
sodium silicate solution and slag. In many cases, the region belonging to Q0 and Q1 units could be 
deconvoluted using two Gaussian peaks each (Q0a, Q0b, Q1a, and Q1b). The reason for this was the 
same as discussed in the previous chapter.91, 174 Previous literature provided similar instances (29Si 
MAS-NMR) of charge-balancing cations influencing the chemical shift of the Q units in C-S-H 
type gels.91, 174  It was interesting to note that such distinct environments could not be assigned to 




Crystalline peaks corresponding to C-S-H did not appear in the XRD pattern of the binders 
(Figure 5.3 and Figure 5.4).125 The absence of crystalline peaks indicated that C-N-A-S-H gel in 
these mixtures was more poorly ordered than C-S-H formed in Portland cement or synthetic C-S-
H gels.72 
 
Figure 5.5: (a),(d) and (g) 29Si MAS-NMR spectra of binder cured at RT for 1 day (black), SAM 
residue (green), HCl residue (red). (b), (e) and (h) 29Si MAS-NMR spectra of C-N-A-S-H gel. (c), 





Figure 5.6: (a), (d) and (g) 29Si MAS-NMR spectra of binder cured at RT for 14 days (black), SAM 
residue (green), HCl residue (red). (b), (e) and (h) 29Si MAS-NMR spectra of C-N-A-S-H gel. (c), 




Figure 5.7: (a), (d) and (g) 29Si MAS-NMR spectra of binder cured at RT for 28 days (black), SAM 
residue (green), HCl residue (red). (b), (e) and (h) 29Si MAS-NMR spectra of C-N-A-S-H gel. (c), 




Figure 5.8: (a), (d), (g) 29Si MAS-NMR spectra of binder (black), SAM residue (green), HCl 
residue (red). (b), (e) and (h) 29Si MAS-NMR spectra of C-N-A-S-H gel. (c), (f) and (i) 29Si 














Table 5.3: Proportions of Qn(mAl) in C-N-A-S-H gel. Superscripts a and b denote varying 
chemical shifts due to charge balancing cations in the interlayer. Subscripts B and P denote 
bridging pairing positions, respectively. The maximum error in chemical shift is ± 1 ppm. The 
error due to chemical shift is visually determined by moving the deconvolutions and comparing 
the fit with the experiment. Error in the proportion of Q-units is ~2.5 mol %. Detailed discussion 





























-68.6 238 Q0 12.1  - 
6.8 0.20 0.80 
-73.4 230 Q1a 12.9 14.7 
-77.6 183 Q1b 13.1 14.9 
-80.9 225 Q2P 28.2 32.0 
-84.5 196 Q2B 16.3 18.5 
-88.1 233 Q3(1Al) 17.6 20.0 
0.18 RT 
14 day 
-64.2 380 Q0 6.9 - 
6.7 0.25 0.79 
-73.1 265 Q1a 14.7 15.8 
-79.7 270 Q1b 12.9 13.9 
-83.8 280 Q2B 25.3 27.2 
-89.3 265 Q3(1Al) 23.1 24.8 
-93.9 265 Q3(0Al) 17.1 18.3 
0.18 RT 
28 day 
-73.9 300 Q1a 10.2 10.2 
7.4 0.23 0.79 
-78.5 280 Q1b 16.8 16.8 
-83.2 320 Q2B 37.2 37.2 
































 -92.4 230 Q3 12.7 12.7    
0.33 RT 
1 day 
-63.5 342 Q0a 9.3  - 
3.7 0.26 0.86 
-69.1 308 Q0b 9.2 -  
-73.9 352 Q1a 20.3 24.9 
-79.3 318 Q1b 23.9 29.3 
-83.8 303 Q2B 16.3 20.0 
-89.0 411 Q3(1Al) 21.0 25.8 
0.33 RT 
14 day 
-65.0 310 Q0a 5.4 -  
5.1 0.22 0.82 
-69.3 310 Q0b 6.5 -  
-73.7 310 Q1a 14.7 16.7 
-78.6 281 Q1b 20.0 22.7 
-83.1 310 Q2B 27.3 31.0 
-88.0 310 Q3(1Al) 19.1 21.7 
-92.3 281 Q3 7.0 8.0 
0.33 RT 
28 day 
-68.7 310 Q0 7.3  - 
4.3 0.13 0.85 
-74.1 310 Q1a 17.4 18.8 
-79.2 305 Q1b 25.5 27.5 
-83.6 310 Q2B 30.0 32.3 
-87.3 310 Q3(1Al) 12.2 13.2 
-91.0 310 Q3 7.6 8.2 
1.00 RT 
1 day 
-70.0 310 Q0 7.4  - 
3.5 0.16 0.89 -74.5 330 Q1a 22.6 24.4 
-79.5 350 Q1b 30.9 33.3 
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-84.2 342 Q2B 24.7 26.6 
   
-90.0 284 Q3(1Al) 14.5 15.6 
1.00 RT 
14 day 
-67.1 310 Q0 6.6  - 
5.0 0.08 0.84 
-72.5 310 Q1a 15.1 16.1 
-77.4 310 Q1b 22.1 23.6 
-81.9 324 Q2B 30.9 33.0 
-86.3 310 Q3(1Al) 17.5 18.7 
-90.9 310 Q3 7.9 8.4 
1.00 RT 
28 day 
-68.9 280 Q0 10.6  - 
4.4 0.08 0.86 
-74.2 310 Q1a 17.7 19.8 
-78.8 310 Q1b 22.5 25.2 
-83.0 310 Q2B 29.0 32.4 
-86.4 310 Q2P 13.2 14.8 
-91.4 310 Q3(1Al) 7.0 7.8 
0.33 50 
°C 1 day 
-69.1 310 Q0 13.0 -  
8.0 0.18 0.79 
-73.6 180 Q1a 7.5 8.6 
-77.6 255 Q1b 17.4 20.0 
-81.7 285 Q2P(1Al) 24.5 28.2 
-85.7 246 Q2P 17.7 20.3 
-89.6 270 Q3(1Al) 16.0 18.4 
-93.6 158 Q3 3.9 4.5 
SMKB 1 
-70.4 339 Q0 9.7 -  
3.9 0.18 0.86 
-75.3 339 Q1a 21.0 23.2 
101 
 




























-79.8 299 Q1b 25.3 28.0 
   -83.7 279 Q2B 27.6 30.5 
-88.1 279 Q3(1Al) 16.5 18.3 
SMKB 2 
-58.7 279 Q0a 5.3 - 
9.4 0.22 0.77 
-65.8 273 Q0b 5.9  - 
-71.6 279 Q1a 7.1 8.0 
-76.0 310 Q1b 11.9 13.4 
-80.3 310 Q2B 13.9 15.6 
-84.0 320 Q2P 27.8 31.4 
-88.2 310 Q3(1Al) 19.2 21.7 
-92.0 310 Q3 8.9 10.0 
 
The MCL and Al/Si of C-N-A-S-H gel were calculated using Eqs. (8) and (9), respectively.86, 
184 The Ca/(Si+Al) can also be indirectly calculated by using Eq. (10) from Myers et al.86 for a 
cross-linked C-N-A-S-H gel and assuming constant interlayer Ca content, then ω=0.25.86 
Mean chain length (MCL) =
2
(Q1a + Q1b)
(Q1a + Q1b + QP
2 + QB

























The MCL of C-N-A-S-H gels was estimated as a function of slag/fly ash ratio, time and 
temperature. Generally, higher proportions of Q1 units indicate a shorter MCL and higher 
proportions of Q2 units indicate a longer MCL. Increase in the proportion of Q3(mAl) units 
indicates a higher degree of cross-linking. In this study, the MCL had a negative correlation with 
Ca/(Si+Al) ratio as shown in Figure 5.9. The inverse correlation of MCL with Ca/(Si+Al) ratio has 
been observed previously.72, 186 The structure of C-N-A-S-H gels formed in this study are 
represented in Figure 5.11 using the information in Table 5.3. 
In SFB, the MCL decreased initially with an increase in slag/fly ash ratio but then remained 
relatively constant, as shown in Figure 5.10. As the slag/fly ash ratio increased, the Ca/(Si+Al) 
ratio increased and hence the mean chain length decreased (Figure 5.9). The MCL of C-N-A-S-H 
gel in mix 0.33 was higher when the binder was cured at 50 °C cure for 1 day than when the binder 
was cured at room temperature. Myers et al.187 observed that the MCL of C-A-S-H gel had a 
positive correlation with curing temperature because long-range order was established with higher 
curing temperature. Fernández-Jiménez187 reported that curing at 45 °C led to the formation of a 
highly uniform C-S-H product with a reduced degree of cross-linking than in binders cured at 25 
°C. In this study, XRD could not identify crystalline peaks corresponding to C-S-H gel in mix 0.33 
cured at 50 °C for 1 day. So the C-N-A-S-H gel did not become more crystalline as the curing 
temperature increased. There was no significant change in the combined proportion of Q3 and 
Q3(1Al) (units involved in crosslinking) in mix 0.33 cured at room temperature when compared to 
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Figure 5.9: Negative correlation between MCL and Ca/(Si+Al) ratio in SFB and SMKB. 
 
 


































Figure 5.10: Plot between mean chain length (MCL) and slag/fly ash ratio indicating that the 
MCL decreases with increase in slag/fly ash ratio. 
 
In SFB, the variations in MCL with time might probably be attributed to varying degrees of 
carbonation. Bernal et al.91 reported that carbonation led to the loss of chain-like character and 
increased cross-linking of the C-N-A-S-H gel. Sevelsted et al.188 reported that carbonation leads 
to the disintegration of C-S-H gel and the formation of silica gel. Hunnicutt et al.189 also reported 
the formation of silica gel from carbonated C-S-H. A broad FTIR peak at ~1400 cm-1 
corresponding to the asymmetric CO3
2- stretching is observed in the FTIR spectra of some binders 
and extraction residues (see APPENDIX C). The presence of this peak indicates carbonation of 
the C-N-A-S-H gel in some cases. The binders and extraction residues in this work were covered 
with a plastic food service film and stored in a desiccator, but carbonation was still observed in the 
FTIR spectra of some binders and extraction residues. Since carbonation was a variable that was 
not controlled well in this work, it was hard to make specific conclusions on the extent to which 
carbonation affected the MCL. However, it is worth noting that the formation of silica gel (Q4) 
due to the carbonation of C-N-A-S-H gel might overestimate the proportion of geopolymer in this 
study. 







 RT 1 day
 RT 14 days







The MCL of C-N-A-S-H gel was found to be shorter in SMKB 1 when compared to SMKB 2. 
The only difference between SMKB 1 and SMKB 2 was the metakaolin source. SMKB 1 was 
processed using Metastar 501 metakaolin which did not contain any observable Al(V). However, 
SMKB 2 was processed using Metastar 501 HP which contained Al(V). Ca dissolves faster than 
Al in slag during the initial stages.179 The presence of Ca in solution might have enhanced Al 
dissolution in both SMKB 1 and SMKB 2.158 However, Al (in the form of Al(V)) was more readily 
available in SMKB 2 when compared to SMKB 1. Al(V) dissolves more rapidly when compared 
to Al(IV), which in turn dissolves more rapidly than does Al(VI).9 The higher reactivity of Al(V) 
over Al(VI) is also illustrated in Figure B.1. Readily available Al(V) might have resulted in lower 
Ca/(Si+Al) ratio in C-N-A-S-H gel of SMKB 2 when compared to the SMKB 1. Therefore, the 




Figure 5.11: Proposed C-N-A-S-H gel structures of (a) Mix 0.18 RT 1d cure (b) Mix 0.18 RT 14d 
cure (c) Mix 0.18 RT 28d cure (d) Mix 0.33 RT 1d cure (e) Mix 0.33 RT 14d cure (f) Mix 0.33 
RT 28d cure (g) Mix 1.00 RT 1d cure (h) Mix 1.00 RT 14d cure (i) Mix 1.00 RT 28d cure (j) Mix 
0.33 50 °C 1d cure (k) SMKB 1 RT 28d (l) SMKB 2 RT 28 d. Rectangles indicate poorly ordered 
CaO sheets, white triangles indicate SiO4 tetrahedra, black triangles indicate AlO4
- tetrahedra and 
circles indicate different charge balancing cations. 
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Although more Al is available in SMKB when compared to SFB, C-N-A-S-H gel is still 
the major binding phase. However, more geopolymer is formed in SMKB when compared to SFB. 
García-Lodeiro et al.94 reported that in Ca-rich systems, as pH increased above 12, the tendency 
to form C-A-S-H (chain-type silicates with some cross-linking) over N-A-S-H (3D aluminosilicate 
structure) increased. Also, they also noted that N-A-S-H is stable only at pH<12. In this study, the 
tendency to form more C-N-A-S-H when compared to geopolymer in SMKB was probably due to 
the elevated pH (more than 13) as shown in Table 5.4 below. 
 
Table 5.4: pH of SFB and SMKB immediately after mixing. 
Binder pH 
Mix 0.18 13.56 
Mix 0.33 13.65 
Mix 1.00 13.60 
SMKB 1 13.40 
SMKB 2 13.38 
 
By subtracting the HCl residue spectrum from the SAM residue spectrum, the spectrum of 
the phases dissolved in HCl extraction was obtained (subtraction of red from green spectra in 
column 1 yields spectra of column 3 of Figure 5.5-Figure 5.8). This spectrum is expected to contain 
unreacted slag and geopolymer. Since slag contains Q1 and Q2 units, whereas geopolymers contain 
Q4(mAl) units, the two spectra could be resolved. Since the dissolution of slag is assumed to be 
congruent, the as-received slag spectrum (scaled appropriately) was used to subtract the unreacted 
slag spectrum from the spectrum of the phases dissolved in HCl. The resulting geopolymer 
spectrum was deconvoluted. The molar Si:Al ratio in the geopolymer could be calculated 

















where m is the number of Al atoms in the Qn(mAl) (according to the Engelhardt notation)23 and I 
is the area under each deconvoluted peak of Qn(mAl). From column 3 of Figure 5.5-Figure 5.8 and 
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Table 5.5, it could be seen that only a few SFB mixtures contain a noticeable amount of 
geopolymer. Mix 1.00 did not contain any geopolymer after hardening until RT 28 days. The 
proportion of geopolymer increased with time in mix 0.18 and mix 0.33. Carbonation did not play 
a role in increasing the geopolymer content in mix 0.18 because of the absence of silica gel. The 
extent to which carbonation played a role in increasing the geopolymer content is not known. The 
proportion of geopolymer formed was increased in SMKB when compared to SFB (Table 5.6). 
This increase was probably due to the substitution of fly ash by metakaolin which was more 
reactive. The amount of unreacted metakaolin was higher in SMKB 1 when compared to SMKB 
2. The disparity in the proportion of unreacted metakaolin was because Metastar 501 contained a 
lower proportion of Al(V) and a higher proportion of Al(VI) when compared to Metastar 501 HP. 
 
Table 5.5: Summary of geopolymers in binders. Not all binders contained a detectable amount of 
geopolymers. 
Mixture ID (slag/fly ash 











0.18 RT 28d -86.9 310 Q4(4Al) 20 1.6 
-91.0 310 Q4(3Al) 31 
-95.2 310 Q4(2Al) 30 
-99.2 310 Q4(1Al) 19 
0.33 RT 14d -91.5 341 Q4(3Al) 32 1.8 
-96.5 341 Q4(2Al) 38 
-100.9 341 Q4(1Al) 30 
0.33 RT 28d -86.0 279 Q4(4Al) 18 1.8 




Table 5.5 (cont.) 
Mixture ID (slag/fly ash 











0.33 RT 28d (cont.) -95.4 315 Q4(2Al) 39  
-100.0 225 Q4(1Al) 10 
-105.2 285 Q4(0Al) 14 
SMKB 1 -81.7 318 Q4(4Al) 22 1.6 
-85.9 273 Q4(3Al) 27 
-90.1 257 Q4(2Al) 24 
-93.8 334 Q4(1Al) 28 
SMKB 2 -86.3 260 Q4(4Al) 24 1.6 
-90.0 267 Q4(3Al) 34 
-94.0 250 Q4(2Al) 21 
-97.7 240 Q4(1Al) 14 
-101.7 240 Q4(0Al) 7 
 
It is clear that as the slag/fly ash ratio increased, the proportion of C-N-A-S-H gel 
increased, and this was the reason why the compressive strength of the binder increased. The 
amount of unreacted fly ash decreased whereas the amount of unreacted slag increased, as the 
slag/fly ash ratio increased. There was no unreacted slag found in mix 0.18. As curing temperature 
increased, the proportion of C-N-A-S-H gel increased, and the proportion of unreacted fly ash 
decreased. Curing at 50 °C led to longer MCL in the C-N-A-S-H gel and a lower amount of 
unreacted precursor. Uncertainties in calculating the proportion of poorly ordered phases are in the 
form of low signal/noise ratio. The low signal to noise was due to the low natural abundance of 




Table 5.6: Proportion of Si present in each poorly ordered phase present in SFB and SMKB 
calculated using MAS-NMR. The maximum difference between experiment and fit was 5 mol 
%. This number was obtained by finding the difference between the area under deconvolutions 




Sum of areas under deconvolutions 




























39 5 0 0 56 47 0 0 53 
RT 0.33 
1d 
42 10 0 9 39 50 0 8 42 
RT 1.00 
1d 
57 5 0 12 26 64 0 12 23 
RT 0.18 
14d 
48 4 0 0 49 53 0 0 47 
RT 0.33 
14d 
43 6 3 5 43 49 4 4 43 
RT 1.00 
14d 
60 4 0 17 19 64 0 16 20 
RT 0.18 
28d 
46 0 6 0 47 48 8 0 45 
RT 0.33 
28d 
48 4 12 7 30 49 13 7 31 
RT 1.00 
28d 
54 6 0 11 29 65 0 9 26 
RT 0.33 
50 °C 
54 8 0 0 38 62 0 0 38 
SMKB 1 37 4 27 2 30 40 29 31 
SMKB 2 64 8 18 2 8 68 25 7 
soft gel 30 10 5 11 44 40 16 44 
 
23Na is a quadrupolar nucleus. In this thesis, 23Na MAS-NMR experiments were only 
performed in low fields (7.05 T). 23Na MAS-NMR of sodium silicate solution revealed the 
presence of a single peak centered at about 3 ppm. This peak corresponded to aqueous Na+ ions 
(Figure 5.12 b).191 In a mature MKGP, SFB, and SMKB, a broad peak at about -10 ppm was 
present which corresponded to Na+ that was present for charge balance. However, it is important 
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to note that the 23Na spectrum contained a quadrupolar broadening component and could not be 
deconvoluted like 29Si spectra. 
 
Figure 5.12: 23Na NMR of sodium silicate solution and binders. The height of all spectra was 
modified so that they could easily be seen. 
 
The 23Na MAS-NMR spectra of mix 0.18, mix 0.33 (cured at room temperature for 28 
days), and their extraction residues are displayed in Figure 5.13. The heights of the three spectra 
were not modified in Figure 5.13. The drop in the intensity of the spectra after SAM extraction on 
the binder is evident in Figure 5.13. This drop in intensity implies that Na was predominantly 
present in C-N-A-S-H gel for charge balance. The signal in the SAM residue spectrum was due to 
sodium carbonate and geopolymer. The signal further dropped on HCl extraction. The faint signal 
in the HCl residue spectrum was due to the small amounts of Na present in unreacted fly ash. 
Spectral subtractions could not be performed because of quadrupolar broadening and the absence 
of an internal standard (such as unreacted fly ash in SFB, which had a unique 29Si MAS-NMR 






Figure 5.13: 23Na MAS-NMR spectra of (a) mix 0.18 and (b) mix 0.33 at RT 28 day cure. Black 
indicates binder spectrum, green indicates SAM-residue spectrum, red indicates HCl residue 
spectrum. The heights of the three spectra in (a) and (b) were not modified. 
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Similarly, it was hard to separate the precursor from the product phases using the 27Al 
MAS-NMR spectra of the binders and their extraction residues. 27Al is a quadrupolar nucleus 
which made subtraction difficult. More importantly, both the precursors and products contained 
Al(IV). Due to the two reasons mentioned above, it was hard to distinguish the precursors from 
products using 27Al NMR. An example is shown in Figure 5.14 where the 27Al MAS-NMR spectra 
of the binder were similar to the spectrum of the fly ash even at high fields (17.6 T) where the 
quadrupolar broadening was reduced. 
 
Figure 5.14: 27Al MAS-NMR spectra of SFB mixtures at RT 28 day cure when compared to as-
received fly ash. All spectra were collected at 17.6 T. 
 
5.5. Conclusions 
Using selective chemical extractions and MAS-NMR, all the poorly ordered phases in SFB 
and SMKB were identified. C-N-A-S-H gel, orthosilicate units, and geopolymer were found to 
coexist in some SFB and both SMKB mixtures. The proportion of geopolymer was higher in 
SMKB when compared to SFB due to the substitution of fly ash by metakaolin. However, C-N-
A-S-H was found to be the predominant binding phase present in both SFB and SMKB. The reason 
for the dominating presence of C-N-A-S-H gel was probably due to the high pH of the binder after 
mixing. The MCL of C–N–A–S–H had a negative correlation with the slag/fly ash ratio and 
Ca/(Si+Al) ratio, but a positive correlation with curing temperature. Higher proportions of Al(V) 
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from metakaolin resulted in the formation of more C-N-A-S-H gel in SMKB. Formation of C-N-
A-S-H gel was favored over geopolymer probably due to the high pH. On the other hand, a lower 
proportion of Al(V) resulted in more unreacted metakaolin. 23Na MAS-NMR indicated that Na 




CHAPTER 6.  OVERALL CONCLUSIONS 
In this thesis, slag, class F fly ash, and commercial metakaolins were characterized. 
1. In general, grade 100 and grade 120 slags need not have similar physical and chemical 
properties. However, in this study, the particle size, oxide composition, Si, and the Al 
environments of the two slags were mostly similar. The local structure of glasses in these 
two slags are slightly different. 
2. Al is predominantly present in four-fold coordination in both grade 100 and grade 120 
slags. Both slags contained a small amount of Al(V). The environment around Al(V) was 
more distorted than the environment of Al(IV). 
3. Generally, the oxide composition, glass content and crystalline phases present in fly ashes 
were highly variable even from the same power plant, from time to time. In this study, the 
Si environment of the poorly ordered part of fly ash contained Q4(mAl) units. The Al 
environment was composed of Al(IV) and Al(VI). The environment around Al(VI) was 
much less distorted than the environment around Al(IV). Al(V) was absent in fly ash used 
in this study. 
4. Commercial metakaolins have variable particle sizes, proportions of crystalline phases, 
oxide composition, Al and Si environments. The most important variation was the Al 
environment. Metastar 501 contained no Al(V), but Metastar 501 HP contained a large 
amount of Al(V). Al(V) dissolved more readily than Al(IV) than did Al(VI). Choosing an 
appropriate metakaolin for a specific target application was essential. 
It is crucial to understand setting in SFB in order to develop reliable standards for large scale 
application of SFB. For example, mix 1.00 underwent gelation much before it started to gain 
adequate gel strength. 
1. The initial and final set times measured by SUWR were earlier than the initial and final set 
times measured by the penetration test. The discrepancy in set time measurements between 
the two methods worsened with increasing slag/fly ash ratio. The different set times 
measured by the two methods implied that a “soft” gel was formed in SFB. The soft gel 
had a solid percolating network but no gel strength. This soft gel eventually gained gel 
strength. 
2. The soft gel in mix 1.00 was composed of a nascent C-N-S-H gel and a relatively high 
proportion of orthosilicate units. The C-N-S-H gel had no detectable Al incorporation and 
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also had a short mean chain length. It was also found that Al was incorporated into the C-
N-S-H gel (of mix 1.00 at 30 minutes) at later ages (i.e., RT 1 day to RT 28 days). The 
proportion of C-N-A-S-H gel increased with time, and the proportion of orthosilicate units 
decreased with time. 
3. Slag was the source of orthosilicate units. Hence, the dissolution of slag could not be 
considered as congruent at early time scales (~30 minutes) in this system. 
 
Using MAS-NMR and selective chemical extractions, the poorly ordered phases in SFB were 
studied as a function of three variables. The variables were slag/fly ash ratio, curing time, and 
curing temperature. 
1. C-N-A-S-H gel was the primary binding phase in SFB. The MCL of the C-N-A-S-H gel 
had a negative correlation with the slag/fly ash ratio. The MCL increased when the curing 
temperature was increased from 22 °C to 50 °C. Carbonation, a variable which was not 
controlled in this thesis, contributed to the variations of MCL with time. 
2. The proportion of geopolymer (i.e., Q4(mAl) poorly ordered aluminosilicate product 
phase) was low in SFB. Geopolymer was absent in mix 1.00 after hardening until the RT 
28 day cure. However, the proportion of geopolymer increased with time in mix 0.18 and 
mix 0.33 (room temperature cure from 1 day to 28 days). 
3. The compressive strength of SFB was found to increase with the slag/fly ash ratio. The 
reason for this improvement in compressive strength could be ascribed to the increased 
proportion of C-N-A-S-H gel with increased slag/fly ash ratio. 
4. The proportion of unreacted fly ash found in SFB was rather high. So fly ash was 
substituted by metakaolin as a precursor to process SMKB. The proportion of geopolymer 
was higher in SMKB when compared to SFB at the RT 28 day cure. However, C-N-A-S-
H gel was still the major binding phase. 
5. Using a metakaolin with a high proportion of Al(V) resulted in a low proportion of 
unreacted metakaolin in the hardened binder. However, it did not necessarily result in the 
formation of geopolymer. 
6. Apart from C-N-A-S-H gel and geopolymer, orthosilicate units could also be seen in 
hardened binders. The proportion of orthosilicate units decreased with curing time. The 
source for orthosilicate units could either be slag or sodium silicate solution. 
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7. In C-N-A-S-H gel, Na was present for charge balance, but it did not substitute Ca in the 
non-crystalline CaO sheet. The slightly different environments for Q0 and Q1 was due to 





APPENDIX A. Effect of selective chemical extraction on precursors and 
products 
Previous studies have discussed the effect of SAM extraction in slag.70, 123, 135, 136 Puligilla et 
al.70 performed FTIR on as-received slag, as well as on SAM extracted slag. They found that the 
weight % dissolved in SAM was minimal. They also reported a negligible shift in the main band 
in the FTIR spectra of slag, before and after SAM extraction. In this thesis, both FTIR and MAS-
NMR spectroscopies were used to analyze slag before and after SAM extraction. FTIR results 
were similar to those obtained by Puligilla et al.70 and are shown in section 3.2.127 The 29Si, and 
27Al MAS-NMR spectra of as-received slag and SAM treated slag in Figure A.1 are similar. The 
weight dissolved in SAM was found to be negligible (~3 wt %) as shown in Table A.2. Hence, the 
effect of SAM on slag could be considered to be minimal on as-received slag. HCl extraction and 
combined extraction almost completely dissolved slag. The dissolution of slag is considered to be 
congruent at the time scales probed in this study, and unreacted slag reacted to SAM in the same 





Figure A.1: (a) 29Si (b) 27Al MAS-NMR spectra of SAM residue of slag (green) and as-received 
grade 100 slag (black). 29Si MAS-NMR spectra of as-received slag and its SAM residue can be 
fit by one peak each. 
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As-received fly ashes from two regions of the same bucket were analyzed using 29Si NMR in 
order to judge variability within a bucket. The maximum variation between the two regions was 
~8 mol %. As-received fly ash was also subjected to SAM extraction, and the residue was analyzed 
using 29Si and 27Al MAS-NMR measurements (Figure A.2 and Table A.1). The extraction results 
are summarized in Table A.2. SAM dissolved only a minor amount (1.4 wt%) of as-received fly 
ash. 29Si and 27Al NMR spectra of as-received fly ash and SAM treated fly ash were very similar. 
Hence the effect that SAM had on as-received fly ash could be considered to be minimal. As-
received fly ash underwent HCl extraction, as well as  HCl extraction after SAM extraction. The 
amount dissolved in the combined extraction was minimal (~5 wt. %).  29Si and 27Al MAS-NMR 
spectra of HCl extraction residue after SAM were also similar to as-received fly ash. Hence, the 
effect of HCl extraction on raw fly ash could be considered to be minimal. In all cases, the 
similarity was concluded based on 29Si spectral subtraction of as-received fly ash from the 
extraction residue. Normalization was carried out at -110 ppm and the subtracted spectrum (which 





































































































































































Figure A.2 (cont.): 29Si MAS-NMR spectra of (a) fly ash, (b) fly ash from another region in the 
same bucket (c) SAM residue of (a), (d) HCl extraction residue of (c), (e) 27Al MAS-NMR 





Table A.1: 29Si MAS-NMR peaks of fly ash and its extraction residues. 
Sample Chemical shift (ppm) FWHM (Hz) Qn(mAl) Proportion (mol %) 
As-received fly 
ash 
-86.2 341 Q4(4Al) - 
-93.3 341 Q4(3Al) 15.2 
-98.2 341 Q4(2Al) 23.9 
-103.0 341 Q4(1Al) 26.7 
-107.8 341 Q4(0Al) - 
-112.4 341 Q4(0Al) 17.4 
-117.7 341 Q4(0Al) 16.7 
As-received fly 
ash (repeat) 
-86.7 341 Q4(4Al) - 
-94.0 341 Q4(3Al) 21.0 
-98.7 341 Q4(2Al) 21.3 
-103.4 341 Q4(1Al) 26.7 
-108.1 341 Q4(0Al) - 
-112.4 341 Q4(0Al) 22.3 
-117.7 341 Q4(0Al) 8.7 
SAM-residue 
of fly ash (in 
the first 
column) 
-87.9 310 Q4(4Al) - 
-93 290 Q4(3Al) 14.7 
-98.2 310 Q4(2Al) 22.1 
-103.7 310 Q4(1Al) 28.1 
-108.8 330 Q4(0Al) - 
-114 310 Q4(0Al) 22.2 
-118.8 310 Q4(0Al) 12.9 
HCl-residue of 
SAM residue 
of fly ash 
-87.8 310 Q4(4Al)  - 
-94.3 310 Q4(3Al) 17.3 
-99 310 Q4(2Al) 20.2 
-103.6 310 Q4(1Al) 27.8 
-108.4 310 Q4(0Al) - 
-113.2 310 Q4(0Al) 22.9 
-117.7 310 Q4(0Al) 11.7 
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Table A.2: Selective extraction results of precursors and early age MKGP. 
Sample  
Dissolved in 
SAM (wt %)  
Dissolved in 
HCl (wt %)  
Dissolved in HCl after 
SAM treatment (wt %) 
As-received Slag  3.3  100.0  95.9  
As-received Fly ash  1.4  6.1  5.3  
MKGP RT 1 day 8.17 - - 
MKGP RT 28 days 4.08 93.12 - 
 
SAM extraction was known not to dissolve mature geopolymers. However, the effect of 
SAM on early-age geopolymers needed to be established. Hence, MAS-NMR was performed on 
metakaolin-based geopolymers of the stoichiometry Na2O•Al2O3•4SiO2•11H2O after curing at 
room temperature for 1 day. The reaction was then suspended by using the solvent extraction 
procedure developed by Chen et al.134 SAM extraction was then performed. 29Si MAS-NMR 
measurements were carried out for both the MKGP cured at 1 day and for its SAM residue. A 
significant amount of unreacted metakaolin was expected to coexist with geopolymer at such an 
early age. However, SAM was not expected to dissolve metakaolin.  It was observed that the mass 
loss of MKGP cured for 1 day at room temperature was 8.17 wt %. The mass loss of MKGP cured 
for 28 days at room temperature was only 4.08 wt % (Table A.2). The sources of error in measuring 
weight dissolved in extractions is discussed in APPENDIX D. 29Si MAS-NMR spectra of MKGP 
cured for 1 day at room temperature, and its SAM residue showed negligible differences between 
the two spectra (Figure A.3, Figure A.4, and Table A.3). Hence, the effect of SAM on early-age 











 (a)  
(b)  
Figure A.4: Peak deconvolutions (green) and fit (red) of 29Si MAS-NMR spectra of MKGP RT 









FWHM (Hz) Qn(mAl) 
Proportion (mol 
%) 
MKGP RT 1d 
-92.7 942 Q4(2Al) (MK) 25 
-107.1 1001 Q4 (MK) 48 
-80.8 447 Q4(4Al) 2 
-86.0 459 Q4(3Al) 3 
-90.4 417 Q4(2Al) 4 
-95.5 453 Q4(1Al) 9 
-100.8 572 Q4 9 
SAM-R 
-92.7 942 Q4(2Al) (MK) 20 
-107.1 1001 Q4 (MK) 45 
-80.8 447 Q4(4Al) 2 
-86.0 459 Q4(3Al) 1 
-90.4 417 Q4(2Al) 7 
-95.5 453 Q4(1Al) 8 





APPENDIX B. 27Al MAS-NMR of SMKB 1, SMKB 2 and MKGP 
27Al MAS-NMR spectra of SMKB 2 at a RT 7 day cure (Figure B.1(green) and Table B.1) 
indicated a decrease in Al(V) and Al(VI) and an increase in Al(IV), when compared to Metastar 
501 HP metakaolin (Figure 3.18). Comparing SMKB 2 with Metastar 501 HP metakaolin, the 
decrease in Al(V) is more significant than the decrease in Al(VI). In contrast, SMKB 1 (Figure 
B.1 (red) and Table B.1) showed a smaller reduction in the intensity of Al(VI) when compared to 
Metastar 501 metakaolin (Figure 3.18). The change in intensities indicated that Al(V) was more 
reactive than Al(VI) in metakaolin.  
 
Figure B.1: 27Al MAS-NMR of  SMKB 2 (green) and SMKB 1 (red) at RT 7d cure. Data 
collected at 17.6 T. 
 
Previous work from the Kriven lab used BASF Metamax to process MKGP.67, 68, 158 An 
MKGP of the stoichiometry (Na2O•Al2O3•4SiO2•11H2O was made by dissolving Metamax 
metakaolin in sodium silicate solution (Na2O•2SiO2•11H2O) according to the protocol discussed 
in previous literature.68 This MKGP was cured at 50 °C for 24 hours and held at 22 °C for 90 days. 
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HCl extraction indicated that 93.12 wt % was geopolymer and the rest was unreacted metakaolin. 
Figure B.2 displays the 27Al MAS-NMR and this shows a minimal amount of Al(V) and a slightly 
more significant amount of Al(VI) from remnant Metamax metakaolin (Figure 3.18). The 
difference in intensity between the two Al environments provided additional evidence that Al(VI) 
dissolution was slower than that of Al(V). 
 
Figure B.2: 27Al MAS-NMR of MKGP at 50 °C 1d cured and aged for 90 days at RT. The inset 
shows a magnified image where small amounts of Al(V) and Al(VI) were still present. Data 
collected at 17.6 T. 
 
Table B.1: Peak positions of Al(IV), Al(V), and Al(VI) in SMKB1, SMKB2, and MKGP. 
Mix ID Peak position (ppm) 
 Al(IV) Al(V) Al(VI) 
SMKB 1 RT 7d 58.7 - 8.15 
SMKB 2 RT 7d 60.4 28.8 2.3 
MKGP 50 °C 1d, 
aged at 90 days at RT 
58.7 29.8 2.3 
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APPENDIX C. FTIR spectroscopy on binders and extraction residues  
FTIR spectra of binders and extraction residues are shown in Figure C.1 to Figure C.4. 
Interpretation of the FTIR spectra (Table C.1) and spectral subtraction routine was performed 
primarily based on the work by Puligilla et al.70 Spectral subtraction was performed using OMNIC 
and Origin graphing software. FTIR indicated the presence of geopolymers in all SFB and SMKB. 
However, the low signal-to-noise ratio in 29Si MAS-NMR prevented the detection of small 






















Table C.1: Summary of FTIR spectra interpretation (s= shoulder, b= broad). Interpretations were 









Scissoring mode of water 













Asymmetric Si-O-T stretch of modified 
fly ash 
860-960 (bs) Si-OH groups 
784 Quartz 





Scissoring mode of water 
1400 
Asymmetric CO stretch of carbonates 
soluble in SAM 
950 
Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 




Na-geopolymer with high Al-
substitution 
990 Na-geopolymer with low Al-substitution 




Scissoring mode of water 
1395 Asymmetric CO stretch of carbonates 












Asymmetric Si-O-T stretch of modified 
fly ash 
786 Quartz 





Scissoring mode of water 
1395 
Asymmetric CO stretch of carbonates 
soluble in SAM 
957 
Asymmetric Si-O-T stretch of Q2 












Dissolved in HCl 










Scissoring mode of water 
955 Asymmetric Si-O-T stretch 




Asymmetric Si-O-T stretch of modified 
fly ash 
HCl residue 
1045   







Dissolved in SAM 





Asymmetric CO stretch of carbonates 
soluble in SAM 
942 
  Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 
Dissolved in HCl 
990 
  












Scissoring mode of water 





Asymmetric Si-O-T stretch of modified 
fly ash 






Asymmetric Si-O-T stretch of modified 
fly ash 
















Scissoring mode of water 
959 
Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-A-S-H gel 
Dissolved in HCl 
1100 (s) Figure 
C.2 (b) 
orange 
Na-geopolymer with high Al-
substitution 
1003 Na-geopolymer with low Al-substitution 
882 Unreacted slag 





Scissoring mode of water 
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781   Quartz 
Dissolved in SAM 





Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 




Na-geopolymer with high Al-
substitution 
992 Na-geopolymer with low Al-substitution 
860 Unreacted slag 





Scissoring mode of water 
955 Asymmetric Si-O-T stretch 








  Asymmetric Si-O-T stretch of modified 
















Dissolved in SAM 





Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 
860 (s) 
  Asymmetric vibration of isolated Q0 
species 




Na-geopolymer with high Al-
substitution 
843 Unreacted slag 





Scissoring mode of water 
1400 Asymmetric CO stretch of carbonates 





Asymmetric Si-O-T stretch of modified 
fly ash 





Asymmetric Si-O-T stretch of modified 
fly ash 
860-960(bs) Si-OH groups 
792 Quartz 




Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 





Na-geopolymer with high Al-
substitution 
998 
Na-geopolymer with high Al-
substitution 
862 Unreacted slag 






Scissoring mode of water 
1400-1450 Asymmetric CO stretch of carbonates 






Asymmetric Si-O-T stretch of modified 
fly ash 
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791   Quartz 
Dissolved in SAM 





Asymmetric CO stretch of carbonates 
soluble in SAM 
973   
Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 





Na-geopolymer with high Al-
substitution 
993 
Na-geopolymer with high Al-
substitution 
860-930 (bs) Unreacted slag 





Scissoring mode of water 
1390 Asymmetric CO stretch of carbonates 
959 Asymmetric Si-O-T stretch 




Asymmetric Si-O-T stretch of modified 
fly ash 
HCl residue 
1050   




C.3  (c) 
red 
Quartz 




Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 
860 Asymmetric Si-O vibration of Q0 units 
Dissolved in HCl 
1150 (bs)   






Na-geopolymer with high Al-
substitution 




























Asymmetric Si-O-T stretch of modified 
fly ash 
955 Si-OH groups 
794 Quartz 




Asymmetric Si-O-T stretch of Q2 
tetrahedra in C-N-A-S-H gel 
832 (s) 
Asymmetric vibration of isolated Q0 
species 





Na-geopolymer with high Al-
substitution 
989 
Na-geopolymer with high Al-
substitution 
870 (s) Unreacted slag 






Scissoring mode of water 
1230 Stretching vibration of Si-OH groups 
978 Asymmetric Si-O-T stretch 
845 







Asymmetric Si-O-T stretch 
897 Unreacted slag 
789-813 







Asymmetric stretching mode of 
unreacted metakaolin 
796 Quartz 





Scissoring mode of water 
1229 Stretching vibration of Si-OH groups 
970 
Asymmetric Si-O-T stretch Q2 
tetrahedra in C-N-A-S-H gel 
850 (s) 
















Asymmetric Si-O-T stretch of 
geopolymer with high Al substitution 
1018 
Asymmetric Si-O-T stretch of 
geopolymer with low Al substitution 
886 Unreacted slag 






Scissoring mode of water 
1400-1500 (bs) Asymmetric CO stretch of carbonates 
972 Asymmetric Si-O-T stretch 





Scissoring mode of water 
1002 Asymmetric Si-O-T stretch 





Asymmetric stretching mode of 
unreacted metakaolin 
800 (bs) 
O-Al-O bending vibrations of AlO4
- 
tetrahedra 





Scissoring mode of water 
1425 Asymmetric CO stretch of carbonates 
1214 Stretching vibration of Si-OH groups 
964 
Asymmetric Si-O-T stretch Q2 
tetrahedra in C-N-A-S-H gel 
850 (s) 
Asymmetric vibration of isolated Q0 
species 





Scissoring mode of water 
1100-1200 (bs) 
Asymmetric Si-O-T stretch of 
geopolymer with high Al substitution 
987 
Asymmetric Si-O-T stretch of 
geopolymer with low Al substitution 






APPENDIX D. Measured weights of selective chemical extraction 
residues 
SAM and HCl extractions were quantitative (Table D.1). However, these two selective 
chemical extraction revealed the mass of phase(s) dissolved in terms of weight %. Furthermore, 
29Si NMR estimated the amount of Si in each phase in mol %. The sources of error in selective 
chemical extractions were many. The filter paper might absorb water from the air, and that might 
have affected the weight. One solution to this problem was to store the Buchner funnel and filter 
paper in a desiccator connected to a vacuum pump for 24 hours before the extraction. However, 
that was not done in this work. Water from methanol could dissolve phases such as sodium 
carbonate. Colloidal material could pass through the pores of the filter paper. 
 




Dissolved in HCl after 
SAM 
Unreacted fly ash or 
metakaolin 
  (Wt %) 
0.18 RT 1d 28.1 14.2 57.7 
0.18 RT 14d 25.0 14.4 60.5 
0.18 RT 28d 19.2 15.2 65.6 
0.33 RT 1d 36.6 10.7 52.7 
0.33 RT 14d 28.1 18.7 53.3 
0.33 RT 28d 32.7 17.3 49.9 
1.00 RT 1d 38.2 26.9 34.9 
1.00 RT 14d 43.4 24.8 31.8 
1.00 RT 28d 35.9 30.8 33.4 
0.33 50 °C 1d 16.6 24.8 58.6 
SMKB 1 RT 
28d 
18.1 36.1 45.8 
SMKB 2 RT 
28d 




APPENDIX E. Estimation of Error in NMR spectral deconvolution 
The aim of this section was two-fold. One was to highlight the importance of CQ in 
27Al 
NMR. The other was to discuss how the uncertainty in deconvolution of NMR spectra would affect 
the conclusions derived from them. 
Figure E.1 below displays deconvolution of the 27Al MAS-NMR spectra of Argical 
M1200S metakaolin in two different magnetic fields. This deconvolution was performed by using 
either Lorentzian or Gaussian curves in NUTS software without using CQ. In doing so, it was found 
that the proportion of Al(IV), Al(V) and Al(VI) (Table E.1) in the two fields were different. Since 
this type of deconvolution did not account for the quadrupolar broadening, it was unreasonable. 
However, the starting value of the isotropic chemical shift (δiso) in DMFit (software used for fitting 
quadrupolar nuclei) could be obtained. 
 
 
Figure E.1(a): 27Al MAS-NMR of Argical M-1200S metakaolin at 17.6 T deconvoluted using 








   
Figure E.1 ((b) cont.): 27Al MAS-NMR of Argical M-1200S metakaolin at (a) 17.6 T and (b) 
7.05 T deconvoluted using only Lorentzian or Gaussian curves. 
 








17.1 T 56.9 5502 Al(IV) 38.9 Gaussian 
39.5 5844 Al(V) 30.5 Gaussian 
4.3 1701 Al(VI) 30.6 Lorentzian 
7.05 T 62.2 1895 Al(IV) 11.8 Gaussian 
36.4 2420 Al(V) 13.0 Gaussian 
-2.1 2483 Al(VI) 75.2 Lorentzian 
 
The effect of varying the parameter em_au (exponential multiplication in arbitrary units) 
and holding all other parameters (including CQ) constant is illustrated in Figure E.2. Increasing 
em_au masked the effect of CQ on the line shape, especially in low fields as demonstrated in Figure 
E.2 (a-c). At higher fields, the quadrupolar broadening decreased. The ideal value of em_au was 
the least value that could provide the best fit. For Al(V) in Argical M1200S, it was 1000 and 4500, 






half the FWHM found by fitting in NUTS. The fit spectrum and the experimentally obtained 
spectrum was visually compared. The error in Table 3.6, Table 3.10, Table 3.13, and Table 3.14 
was determined when an appreciable difference starts to appear between the two spectra. 
 
 
Figure E.2 (a): Effect of changing em_au parameter of Al(V) in the spectrum of Argical M1200S 
metakaolin. 





Figure E.2 ((b),(c) cont.) 
Al(V) em_au = 1000 





Figure E.2 ((d),(e) cont.) 
(d) 
(e) Al(V) em_au = 4500 




Figure E.2 ((f) cont.): Effect of changing em_au parameter of Al(V) in the spectrum of Argical 
M1200S metakaolin. (a-c) 7.05 T (d-f) 17.1 T. 
 
The width of the spectrum increased with an increase in CQ value as shown in Figure E.3. 
Since CQ was field independent, the ideal CQ value was chosen to be the one which gave good fits 
for both fields. For Al(V) in Argical M1200S, the value of CQ was 5 MHz. The effect of varying 
CQ on the spectrum is illustrated in Figure E.3. The error in CQ was also visually determined by 
varying CQ and then comparing the fit (red) vs. the experimentally obtained spectra (black) in 
Figure E.3. Conclusions on the disorder around the Al environments were made (in CHAPTER 3) 
only after taking the uncertainties in CQ values into account. 





Figure E.3: Effect of changing the CQ parameter of Al(V) in the spectrum of Argical M1200S 











Figure E.3 (cont.): Effect of changing the CQ parameter of Al(V) in the spectrum of Argical 




Generally, change in ηQ (0≤ ηQ ≤1) changes the shape of the spectrum. However, in this 
case, only significant changes in ηQ was able to change the spectrum as illustrated in Figure E.4. 
27Al MAS-NMR fitted spectra were not very sensitive to the change in ηQ  values. A good starting 
point for ηQ was also not available in the literature. Hence, the value of ηQ was fixed to be 0 
throughout. 
 
















Figure E.4 ((f) cont.): Effect of changing ηQ parameter of Al(V) in the spectrum of Argical 
M1200S metakaolin (a-c) 7.05 T (d-f) 17.6 T. 
 
29Si NMR of C-N-A-S-H gel in Mix 0.33 at RT 28 days was processed and deconvoluted 
by MestreNova software. The variables that caused the difference in the proportion of Q units were 
phasing, baseline correction and deconvolution. Phasing a spectrum was a manual procedure and 
varied slightly from one user to another. There were different options for baseline correction in 
MNova software. The choice in which option to choose to model the baseline was made visually. 
While deconvoluting the spectrum, there may have been multiple reasonable solutions even though 
the guidelines (discussed in section 2.10 paragraph 1) were followed. On comparing the two 
deconvolutions of the same C-N-A-S-H gel spectrum, (Figure E.5 and Table E.2) it was revealed 





Figure E.5: Deconvoluted spectra of phases dissolved by SAM extraction of Mix 0.33 RT 28 d. 
Both of the experimentally obtained spectra were identical, but the deconvolutions were slightly 
different in both cases. This figure is an example of multiple reasonable solutions to 
deconvoluting the same spectrum, while adhering to the guidelines. Peak assignments could be 
found in Table E.2. It should be noted that the baseline correction used in the SAM-R spectrum 




 The Bernstein polynomial correction was used in Figure E.6 ((a) inset green) whereas, 
splines were used in Figure E.6 ((a) inset maroon). Both the spectra in Figure E.6 (the main figure) 
belonged to the SAM residue of mix 0.33 RT 28 days. On subtracting the green spectrum from the 
binder (mix 0.33 RT 28 days) spectrum (not shown in this section), the spectrum of the phases 
dissolved in SAM was obtained Figure E.6 (b). Figure E.6 (b) could be compared with Figure E.5 
to find out the effect of baseline correction in the proportion of Q units (comparison in Table E.2). 
 
(a)  
Figure E.6: Baseline correction of Mix 0.33 RT 28 d SAM residue spectrum was performed 
using a 6th order Bernstein polynomial (green) and splines (maroon) Peak assignments could be 




Figure E.6 (cont.): Baseline correction of Mix 0.33 RT 28 d SAM residue spectrum was performed 
using a 6th order Bernstein polynomial (green) and splines (maroon) (b) Deconvoluted spectra of 
phases dissolved in SAM extraction of Mix 0.33 RT 28 d. Peak assignments could be found in 





Table E.2: Comparison between automatic and manual fitting of phases dissolved in SAM (C-N-


























-68.7 310 Q0 7.3  - 
4.3 0.13 0.85 
-74.1 310 Q1a 17.4 18.8 
-79.2 305 Q1b 25.5 27.5 
-83.6 310 Q2B 30.0 32.3 
-87.3 310 Q3(1Al) 12.2 13.2 
-91.0 310 Q3 7.6 8.2 
Figure 
E.5 (b) 
-68.7 280 Q0 6.3 - 
4.3 0.14 0.86 
-74.2 341 Q1a 19.9 21.3 
-79.5 300 Q1b 25.0 26.7 
-83.7 300 Q2B 28.0 29.8 
-87.2 310 Q3(1Al) 13.3 14.2 
-91 310 Q3 7.5 8.0 
 Figure 
E.6 (b) 






-74.2 341 Q1a 19.8 21.1 
-79.5 300 Q1b 25.2 26.8 
-83.7 300 Q2B 28.2 30.0 
-87.2 310 Q3(1Al) 13.1 14.0 
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